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TO MY WIFE 




PREFACE 


The publication of a book devoted entirely to the A)n- 
sideration of what is popularly supposed to be a single type 
of steel may at first sight need some justification. The 
popular notion as to the smgle character of stainless steel, 
however, is much more noteworthy for its persistence, in 
spite of propaganda to the contrary, than for its accuracy. 
One of the main points of the author’s work has been to 
emphasise the range of diverse materials included in the term 
“ stainless steel ” which permits such widely varying 
properties to be obtained from different types of this ma^ial, 
Such a wide range of materials and available properties is of 
.great advantage to the potential user, more particularly the 
engineer, but it also entails the necessity of discriminating 
between various types of the steel in order that the most 
efficient use may be made of the material for any particular 
purpose. It has been the author’s endeavour to present data 
pertaining to the various grades of the steel in as clear a 
manner as possible, in order to aid the user in making a 
choice of suitable grades for varying requirements. 

One of the benefits of the modem study of metaUo- 
gra^y lies in the possibility it affords of indicating which 
treatments, thermal or otherwise, are likely to improve the 
properties of a metal and why such improvements occur. 
In the application of stainless steel, the study of the micro- 
structure is of especial value as the observations indicate not 
only the cause of varying mechanical properties but also 
reasons why the materials offer varying resistance to 
corrosion. As it is desirable that the user of stainless steel 
should know how he may obtain the best qualities in this 
respect from the material he uses, the author has dealt rather 
fully with microstructural characteristics, and in order tl^t 
the account may be informative to those who have not 
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socially studied metallography, he has endeavoured 'to 
write in the simplest terms. . 

It has been objected on more than ode occasion that 
“ stainless steel ” is not a strictly accurate description of the 
qualities inherent in the material. One may quite admit thjs 
and agree that “ unstainablc ” or “ corrosion-resistant,” for ' 
example, would be more appropriate names. “ Stainless steel,” 
however, has become so universally adopted as a designation 
of the materials described in this book that the substitution of 
another more accurate name would be a doubtful adyantage. 

During the five years which have elapsed since the 
publication of the first edition of this book, the metallurgy 
of stainless steels has developed very rapidly. Much research 
has ||pcen carried out into the structure and properties of 
steefc containing large amounts of chromium together or not 
with other metals, nickel, copper, tungsten and the like, and 
a considerable number of new types of “ stainless steel ” have* 
been put on the market. The author, in endeavouring to 
deal in a systematic manner with these new developments and 
to present a picture of the present state of the art, found it 
necessary to re-draft the book, and re-write it almost entirely. 
The book has, unfortunately, been out of print for over three 
years, and the author regrets that the appearance of the 
second edition has been delayed for so long a time. 

The author would again thank the Directors of Messrs. 
Brown, Baylcy’s Steel Works, Ltd., for permission to publish, 
freely, data obtained in the research* laboratory and the 
works, and also for their encouragement during the prepara- 
tion of the book. He would also thank all his colleagues 
who have so freely given him of their help and experience ; 
particularly would he mention Mr. R. Wadd^U (W^rks 
Manager) and Mr. F. C. Bell (Engineer) for much information 
regarding engineering uses and Messrs. H. Bull, A. Flint, 
F. D. Gordon and W. Heppell for assistance in proof reading 
and preparation of diagrams. ‘ 


J. H. G. M. 
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CHAPTER I 


INTRODUCTORY AND HISTORICAL 

The general rusting of iron and steel which occurs 
whenever these metals arc left for any length of time eithet 
exposed \o the atmosphere or to water, or buried in the 
ground, has been accepted almost as a matter of course. 
Thus it has been stated* “ The tendency to rust is a charac- 
teristic inherent in the element known as iron, and will, in 
all probability, never be entirely overcome.” Iron rusts l^d 
there is an end of it 1 If, owing to care and suitable protec- 
tion, it is preserved over a long period of time, the achievement 
irs looked upon as something out of the ordinary. It is 
recorded that when the first batch of stainless steel knives 
were being forged, the Shcfiield cutler, on being told that the 
knives would not rust, expressed his opinion of such foolish- 
ness in strong “ Sheffield,” the meaning of which is quite 
unmistakable though the language is hardly printablc,|^ 

The gradual corrosion of iron and steel entails enormous 
expense when considered in the aggre^gate. Everyone is 
familar with its effects on various household articles and 
fittings, biit the expense entailed by corrosion is realised 
more easily w^hen its effects on big engineering structures are 
considered. On the Forth Bridge, for example, painting is 
going on continuously from year end to year end. [Estimates 
have been made, at different times, of the losses caused by 
the rusting of iron and steel work and, if a survey of the 
^ whole world is taken, the cost reaches very large figures. 
Thus, Sir R. A, Hadfieldf concluded that the annual cost 
owing to corrosion all over the world was over £700,000,000.) 
While such figures are possibly more in the nature of a 
guess, though probably guided by sound judgment, and hence 
only to be accepted with a considerable amount of reserve, 

* « ** Tbe CoiTOiioa and PreeeiHtion of lion and Steel,” Cnelunaji and Oaidner/ ^ 
1910. 

t ” Corrosion of Perrons Metals.” Proc. Inst., C.B.. 1922 
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they indicateCthat the annual losses due to the gradual 
corrosion of iron and steel reach enormous figures.) ♦ 

Apart altogether, however, from the question of expense, 
corrosion causes other troubles. In many engineering 
applications, the unsuspected corrosion -of some part of, for 
example, a bridge may so seriously weaken the strength^ 
of the corroded part that it can no longer carry the load to 
which it is subjected and its failure, either by fracture or 
distortion, may have disastrous results on the whole structure. 
The trouble and loss of time occasioned by such breakdowns, 
apart from their cost, are serious items. (^For household 
and other purposes where polished fittings or utensils made 
of steel are used, the necessity for frequent polishing entails 
a considerable amount of work, which would be avoided if 
the surface did not corrode. 

^ In the chemical trade, corrosion frequently causes great 
trouble due not only to the gradual deterioration of the 
equipment but also to the contamination of the manufactured 
article either by the products of the corrosion of the vessels 
in which it is made or stored, or as a result of catalytic action 
by the material of which these vessels are constructe<^ 
(Jenerally the evil of contamination is of far more moment 
than that of deterioration of equipment. It has been said, 
and truly, that the problems connected with a chemical 
process cannot be considered as being completely solved until 
a satisfactory container has been found in which the process 
may be carried out on the required commercial scale ; not 
infrequently the commercial application of some valuable 
process is held up for a considerable time — sometimes 
indefinitely — ^because no really satisfactory containing vessel 
is forthcoming. Ordinary iron and steel are in many ways 
particularly suitable for the manufacture of chemical plant ; 
they are easily worked and are obtainable in forms possessing 
a wide range of mechanical properties. Unfortun^ely, 
however, the ease with which they are attacked by many 
chemical products either limits their use or makes essential 
some form of inert covering, such as enamel or glass. Probably 
the main reason why iron and steel vessels are used to so 
large an extent in the chemical industry at the present time 
is because of their relative cheapness. It is thought to be 
cheaper to use them and to renew the plant frequently than 
to employ a more resistant but also more^ expensive snetaL 
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It is obvious, however, that this is not a satisfactory con* 
dition of affair^ and that the advent of a metal which, though 
possibly costing ten or twenty times as much as mild steel, 
•was immune from attack under the conditions of some 
specific chemicabprocess would effect such economies in that 
process as would make the use of this metal preferable in 
spite of its greater initial cost. (Althougli special qorrosion- 
^resistant steels^ or other alloys would seem to have been 
somewhat neglected in the past by the chemical industry, 
attention has recently been focussed on them, particularly 
with tegard to the newer synthetic processes which frequently 
involve the use of high temperatures or pressures or both. 
In more^than one case, during the past few years, the com- 
mercial success of a process has been attained only when the 
equipment was constructed from some special resistant alloy. 

It is not 'surprising, therefore, that many efforts have 
been made to minimise or overcome corrosion troubles. 
In some cases, for example, alloys of copper are illed 
instead of steel or iron, owing to their superior resistance 
to general corrosion or to the attack of some particular 
tihcmical. There are many cases, however, where the 
mechanical properties desired can be obtained only 
by . the use of some type of ferrous metal. In such 
cases, if a bright surface is required, cither a con- 
siderable amount of energy must be expended at frequent 
intervals in polishing the article, with consequent wear of 
the latter, or else it must be covered with some type of 
transparent varnish or lacquer”) Obviously the latter method 
cannot be satisfactory in many cases. A metallic surface 
more or lass permanent in character may also be obtained by 
tinning or galvanising or by electro-plating with sonu^ metal 
which is resistant, to^ a greater or less extent, to corroding 
agencies^ When a polished or metallic surface is not 
necessary, there are other methods of protcjctioji available, 
such as painting, covering with an adherent coat of magnetic 
^ oxide of iron (e.g., by the Bower Barff process or its modifica- 
tions or by the Ruffington process) or the production of a 
phosphatic coating such as that obtained by the Coslett 
process. Coatings of enamels of various types or linings 
of glass may be used, as for example, in chemical equip- 
ment or domestic utensils. 

• (M such methods, while of great value for manj^. 
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purposes, have obvious disadvantages in certain important 
respects. Some of the coatings are brittle and, therefdfre, 
liabk to chip off, while in all cases the application of 
the protective coating must be the last stage in the manu- • 
factoring process ; no further drilling, sawing or any other 
type of machining should be done after the coating is applied, 
or the continuity of the latter will be broken and an un- 
protected surface of the iron or steel exposed,^ From an« 
engineering point of view, a coating of any description has an 
even more serious drawback in that the protection it gives is 
entirely superficial in character and is, therefore, of little 
lasting value if the article to which it is applied is subjected 
during use to any type of rubbing or wearing action or if a 
cutting edge is required. In such cases the method employed 
to render the iron and steel satisfactorily resistant to corrosion 
must not be confined to the surface only, but mdst be incorpor- 
ated in the body of the material so that, as the outer surfaces 
ar^worn away, the new material exposed shall be equally 
resistant. Such a quality of resistance can only be effected 
by altering the properties of the whole mass of the steel and 
the only possible way of doing this is by alloying the steel' 
with some other metal which shall have the power of 
preventing the alloy produced from being attacked by 
corrosive agencies. 

The possibility of retarding the corrosion of iron and 
steel by the addition of other metals has been recognised for 
many years and st)in(j alloys having marked resistance to 
corrosion were discovered a number of years ago. Probably 
the best known examples are the high nickel steels, 
containing 25 to 35 per cent, nickel. These steeSs, though 
by no means incorrodible,’ resist corrosion to a very much 
greater degree than ordinary steel and have been used to some 
considerable extent. They are rather expensive, however, 
^ and their mechanical and physical properties are not suitable 
for all purposes ; for example, they cannot be hardened by 
quenching or by any other form of treatment ^yhich d^n be 
applied to an article possessing approximately its final shape 
and dimensions, while in no case can they be given a hardness 
value anything approaching that required for a cutting took 

At the time when these high nickel steels were put 
forward as corrosion-resisting metals, it was customary tq 
employ solutions of sulphuric acid as test reagents and to 
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regard the rate of attack of these solutions on the various 
steels as a measure of the rates of corrasion of the latter. It 
was considered that tests carried out with this acid, owing 

* to its much greater corrosive action as compared with 
water, would enable results to be obtained in a short time 
but would nevertheless place the metals tested in the same 
order of merit which they would occupy if subjected Jto a much 

* more prolonged action of water or of tlie atmosphere. It has 

since been abundantly proved that the attack of sulphuric 
<icid, or of other acids, on a series of different metals or alloys, 
is not always comparable with that of water or of the atmos- 
phere and that the use of such accelerated tests is very likely 
to lead.to erroneous conclusions. The high nickel steels 
mentioned above, as it happens, are very resistant to the attack 
of sulphuric acid and it is very likely that their vogue as non- 
corrosive steels arose largely because the measure of corrosion 
adopted at the time was the response of metals to the 
attack of this acid. ^ 

Another iron alloy having resistance to special forms of 
corrosion contains about 12 or 14 per cent* of silicon and is 

* sold under various trade names. This material is 
attacked extremely slowly by mineral acids. Owing to its 
nature, however, it is more or less allied to cast-iron, hence its 
use is restricted to purposes for which its mechanical and*^' 
physical properties are suitable; thus it is comparatively 
brittle, it is so hard as to be machinable with difficulty, if 
at all, and it cannot be forged or rolled. 

\^It will be seen, therefore, that there is an immense field 
for a steel product which possesses the property of great 
resistance to corrosion in each and every part of the articles 
which may be manufactured from it, and which also has 
a wide range of physical and mechanical properties com- 
parable in extent with those found in the material 
known to-day as “steel.” Such a non-corrosive material y 
is now available in the range of alloys known collectively 
as “ Stainless Steel.” 

Stainless steel was first introduced to the public in 1914 
in the form of table cutlery and its almost exclusive use for 
cutlery purposes for a considerable period of time after that 
date led to the belief, probably widely held, that it 
^was simply a special type of cutlery steel with a very 
limited range of mechanical properties. It was even 



STAINLESS IRON AND STEEL 

i^onsidered to be a special form of plating. Had this been so, 
stainless material would have had a very limits applicatkm 
and it would not be of great interest to engineers. Fortun- 
ately, however, this is not the case. Stainless steel is really a . 
whole scries of steels, whose mechanical and physical properties 
vary widely in a similar manner to the variations met; with 
in the dif/erent varieties or “ tempers ” .of ordinary carbon 
steels, but which all have the distinguishing property of, 
great resistance to corrosion conferred on thenr' primarily 
by the presence of a considerable percentage of chromium. 
As a general rule, the amount of this element present in 
' stainless material is in the range 12 to 20 per cent., biut less 
or more may be added for special purposes.'J ^ \ 

; In ordinary steels, variations in the mechanical properties 
of the material are controlled largely by the presence of 
varying amounts of carbon ; thus vCry mild or soft steel 
may contain 0*10 per cent, carbon or less, while for certain 
tyjjs of tool steel 1*6 to 1-8 per cent, is occasionally 
added. These values represent extremes and intermediate 
amounts are chosen to give properties suited for definite 
purposes. So in certain types of stainless steel, variation in* 
mechanical properties is brought about largely by the presence 
of varying amounts of carbon ; in this case, however, the range 
of carbon content, for reasons which will be seen later, is much 
more restricted so that, as a general rule, the carbon content 
of stainless material is not more than about 0*4 per cent^ 
Still further variations in the properties of the steel may be 
obtained by the addition of other alloying metals. Generally 
speaking, this is done for the purpose of increasing the 
resistance of the steel to the attack of some particularly 
corrosive reagent or group of reagents ; frequently the added 
metal also modifies the mechanical and^physical properties of 
the steel. For example, additions of such metals as copper, 
nickel, silicon, molybdenum, tungsten and cobalt, either singly 
or in combination, have been recommended for one or other 
of these purposes and in some cases at least have^igiven , 
remarkable results. The development of such “ alloyed 
stainless steels is probably as yet only in its infancy. 

The resistance to corrosion of such high chromium 
steel was discovered by Mr. Harry Brearley in 1918. 
Mr. Brearley was then chief of the Research Laboratory 
run jointly by Messrs. John Brown & Co., Ltd., and* 
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Messrs. Thomas Pirth & Sonsi Ltd., Sheffield. He was 
at the time engaged on an extensive research on the resistance 
to erosion of various steels in reference to their use for r|fles 
and naval guns. Among the steels examined for this purpose, 
were some containing large amounts of chromium. In the 
course of these investigations, numbers of samples, in different 
conditions of heat-treatment, were examined microscopically 
^as is, of course, usual in such investigations. In^carrying 
out this examination, Mr. Brearley noticed that these high 
chromium steels were either not etched at all or only attacked 
very •slowly by the reagents generally used for etching the 
polished surfaces of sections of steel prepared for microscopic 
examination and that, moreover, they did not rust when 
exposed * for considerable periods to the atmosphere of a 
physical laboratory. He also found that, both with the 
usual microscopical reagents and also with new types de- 
veloped for the purpose, the same steel under different con- 
ditions of heat treatment would sometimes etch and sometiines 
not etch, thus indicating that the resistance of the steel^to 
various forms of chemical attack was affected by heat treat- 
ment. He was struck with these marked characteristics and 
proceeded to investigate, on the one hand, the limiting 
ranges of composition for producing a steel practically 
resistant to ordinary corrosion and also the conditions o| 
heat treatment necessary with any particular steel for 
developing to the greatest extent this resistance to corrosion. 

^ The many possible uses of such a material having very 
great resistance to corrosion <were evident to Mr. Brearley ^5 
and one of the most obvious purposes where it was likely 
to be veijy useful was that of cutlery. At first there was 
some difficulty in getting the material tried but eventually, 
about the middle of 1914, Mr. Brearley was able to persuade 
Mr, E. Stuart, cutlery manager for Messrs. R. F. Mosley, of 
Sheffield, to work up some of the steel into knives. The 
results were strikingly successful in spite of initial difficulties, 
due largely to the best conditions of forging and working the 
steel being different from those of ordinary cutlery steel. 
In this respect very great credit is due to Mr. Ernest Stuart 
for the unremitting efforts he made to adapt the processes 
of knife making to the unusual qualities of the steel and 
to Messrs. R. F. Mosley for realising the possibilities 
*of the material and possessing such confidence in it asf^^o 



10 


STAINLESS IRON AND STEEL 


allow their works to be used for this pioneer experimental 
work j 

. Early in 1915, Mr. Brearley severed his connection with 
Messrs. Brown’s and Firth’s and became Works Manager at 
Messrs. Brown, Bayley’s Steel Works, Ltd. 0\ving partly 
to lack of time, due to pressure of work in his new position, 
and for other reasons, no application was made for a British 
patent, but in August, 1915, a patent w^as granted in Canada^ 
followed in September, 1916, by a further patent in the 
United States of America (and also by patents in other 
countries), for^a stainless article which owed its s{)ecial 
stainless properties to three novel features : 

• 

(а) That its chemical composition was within certain 

well-defined limits ; 

(б) That it had been heat-treated to produce certain 

microstructural characteristics ; 

(c) That it was metallically clean and in an undistorted 
condition. 

The range of composition specified was 9 to 16 per cent! 
enromium with carbon below 0*7^ per cent, and preferably 
below 0*4 per centi Certain other elements in limited 
amounts, up to 1 or 2 per cent., were also allowed as not 
affecting the result, the elements actually specified in the 
patents being nickel, cobalt, copper, tungsten, molybdenum 
and vanadium. The U.S.A. patent applied more particu- 
larly to cutlery and other hardened and polished articles, 
while the Canadian patent especially embraced material 
which had been hardened and then tempered to ^ sutlicient 
extent to be tough and 'ductile. 

The claim with regard to structural characteristics 
referred to the absence or presence of “ microscopically 
distinguishable free carbides ” ; the patentee stated that 
these became present when the carbon content exceeded 
0*7 per cent. He does not state how he ar^'ived IRt this 
demarcation in the carbon content, but it seems possible that 
the value of 0*7 per cent, carbon was estimated from the 
appearance of small samples cooled from a molten condition. 
It does not apply when the steels are heat treated in the 
correct manner, to produce a table knife. At that time^ 
however, the microstructure of high Chromium steel and the 
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complexities of its he^t treatment were not fully understood* 
The range of composition specified, however, does mark out 
wonderfully well the material useful for those technical 
purposes for which a steel capable of being hardened and 
tempered is desitable, and it is highly probable that, had the 
composition of stainless material for such purposes to be 
fixed at the present time with the accumulated knowledge 
• of the past few years at the disposal of the discoverer, the 
range chosen would not differ materially, if at all, from that 
laid down in 1915. 

production of a chromium steel was not by any 
moans new, in fact the literature of iron and steel metallurgy 
during the nineteenth century and the first ten years of the 
present century contains many reftTcnccs to the preparation 
of chromium steels and to some of their physical properties. 
Several comparatively extensive investigations into the 
properties of chromium steels had been carried out, notably 
those of Hadfield, Guillet and Portevin, but the remarld|ble 
point is that neither these investigators or any others prior 
^to 1910 appear to have had any idea that high chromium 
steels with a composition approaching that of stainless steel, 
w’ere so remarkably resistant to corrosion. In most cases, no 
study of the effect of chromium on the rate of corrosion had 
been made, while in one notable ease, that of Hadfield,^ in 
which such experiments were carried out, though to a very 
limited extent, the results indicated, as will be seen later, that 
the rate of corrosion actually increased with increasing content 
of chromium. Guillet who carried out an extensive investiga- 
tion on the effect of chromium contents up to about 30% on 
the propdlrties of steel, was apparently quite unaware of their 
almost unique characteristic. Thus, in summarising the 
results of his work an these steels he saysf ; “ Chromium 
steels are little used in construction work (we only speak here 
of the ternary alloys, Fe-C-Cr.) ; they are used in the manu- 
facture of armour-piercing shell, which contains 0.30 per cent, 
carbon and 2 percent, chromium. Further, in view of the great 
hardness of the martensite, chromium steels with low 
chromium content and a high percentage of carbon are used 
as tool steels. Will this study provide new outlets for 
chromium steels ? Wc do not think so. Only the pearlitic 
• •J.M./., 18S2,n,48. 

fOenie Civil, March, 1904. 



12 


STAINLESS IRON AND STEEL 


steels are of some interest, but all other things being equal, 
their resistance to impact is. inferior to that df nickel steels 
and.they are more difficult t > work. 

“ Martensitic steels have an extreme hardness ; they 
could only be used as tool steels, as such they could be used 
simply as forged but they are difficult to work. 

“ As^to double carbide steels, their brittleness and their 
extremely high price make all application impossible. • 
^We do not see any important outlets for chromium 
steels. But it must be admitted that this metal (chromium) 
gives steel a special characteristic and plays a part i?fhich 
could not be taken by another substance ; it causes an 
important mineralogical hardness if the percentage is not 
too high.^ 

It is not necessary to give a detailed account of 
the many investigations on chromium steels •which do not 
deal in the slightest degree with the effect of this metal on 
thc^ corrodibility of the steel. For those interested in the 
early history of chromium steel, a good summary of such 
investigations will be found in Hadfield’s paper mentioned 
earlier. It is of interest, however, to review briefly the few* 
papers or articles in which some reference is made to corrosion 
or to the resistance of the metal to attack by acids. 

The earliest reference, with which the author is 
acquainted, to the influence of chromium on the corrodibility 
of iron or to the rate of its solution in acids is in an article by 
Berthier,* dealing with alloys of cliromium with iron and with 
steel. Berthier stated that ferrochromium is much less 
readily attacked by acids than iron, the more so the more 
chromium it contains. • 

At about the same time, Faraday and Stodart carried 
out {an extensive series of experiments on the effects of 
adding various metals to iron and steel. They had definitely 
in mind the subject of the corrosion of steel and the possibility 
of retarding it} Thus in the accountsj* given of their work, 
they state : *|^The object in view was two-fold : firit, to 
ascertain whether any alloy could be artificially formed, 
better, for the purpose of making cutting instruments, than 
steel in its purest state ; and secondly, whether any such 
* Annaki it Chimie €t de Phyaiqtie, 1821, Vol. 17, p. 65. 

t “ On the Alloys of Steel.” Stodart end Faraday. Quart. Joitritdl of, 
Seteaee, Vol. IX, p. 319. PhiL Tram.. 1822, p. 26F. 
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alloys^ would, under similar dircumstances, prove less sus- 
ceptible of oxidation ; new metallic combinations for reflect- 
ing mirrors were* also a collateral object of research*” 

Their preliminary work was done on small samples 
melted in crucibles at the laboratory of the Royal Institu- 
^tion, but later, they had larger amounts of some of the alloy 
steels melted at one of the crucible steel works in Sheffield* 
faraday and Stodart experimented with silver, platinum, 
rhodium, palladium, iridium, osmium, gold, tin, copper and 
chromium, and all except the last four metals were used in 
the larger scale experiments at Sheffield* Apparently 
Faraday and Stodart only made two small experimental 
melts of chromium steel, which probably contained rather 
less than one per cent; and three per cent, respectively, and 
their observations on the resulting steels were concerned 
chiefly with a beautiful damasked surface which they ob- 
tained by etching with dilute acid or by a form of hlat 
tinting. They do not comment on the resistance of chromium 
«teels to corrosion except to remark that, in common with 
a number of other metals, chromium increased the rate of 
attack of dilute siilphuric acid on the steel. 

The experiments of Faraday and Stodart are noteworthy 
in that they appear to be the first systematic attempt to make 
alloy steels and to study their properties. They did not 
discover the corrosion resisting properties of high chromium 
steels though they found that some of the alloys of platinum 
and iron were noteworthy in this respect. Unfortunately 
this discovery has not much commercial value, especially at 
the present time. 

The next one in order of date appears to be a paper by 
Robert Mallet,*** on ^‘The Action of Water on Iron,” in 
which he states that alloys of iron with any of the following 
elements, nickel, cobalt, tin, copper, copper and zinc, meremry, 
iridium, osmium, columbium, and chromium are less 
corrodible than iron, and of these alloys that of chromium 
is least corrodible. He states, however, “ with a metal 
positive to it (like chromium), though it may possibly 
protect the iron from action, will, by its own removal, 
be likely to render its tesAure open and course and, hence, 
Inore fitted for its subsequent solution and removal.^* 
appears as if Mallet^s idea was that<the resistance to corrosion 

B.A. Eeport , VoL VXI, ^ 2^ 
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of iron containing chromium was, at the commencement 
of exposure, increased by the presence of the chromium, but 
that the chromium was first removed by the corroding 
agency and that after this had occurred the remaining iron 
would be more quickly corroded than if the chromium had 
not been*present. 

In an article by Fremy* on crystallised •chromium and* 
its alloys, it is stated that “ Chromium crystals resist the 
action of the strongest acids and even of aqua regia,”. It 
should be noted that these crystals could not possibly have 
been pure chromium or even carbon-free iron-chromium 
alloys. They were almost certainly highly carburised. 
Fremy also remarks that he has noticed alloys of chromium 
frequently resist the action of concentrated^ acids. The 
greater resistance of iron-chromium alloys to attack of acids 
as ^mpared with that of iron was also noted by Boussingault.f 
BjMihis time analysts, who handled such alloys, knew that the 
ferrochrome which they analysed and which contained large 
amounts of carbon, could not be dissolved by the usual acids.* 
In 1872, Woods and Clark applied for a British patentj 
for a metal to resist acids and which would also retain its 
polish in a damp or oxidising atmosphere. The metal 
contained about 30 or 35 per cent, chromium together with 1 *5 
to 2 -0 per cent, tungsten . The carbon content was not specified 
but as the alloy was to be made by fusing the constituent metals 
in the presence of carbonaceous matter and either a crucible 
or a blast furnace could be used for preparing it, there is 
little doubt that the product would be highly carbqrised and 
more in the nature of a cast iron than a steel. 

Gruner§ studied the capacity of resistance of various 
steels to the influence of air, sea-wtiter and acids. His 
opinion on a chromium steel is summarised at the end of 
the report in the following words : The presence of 

chromium favours corrosion by acidulated water as w<^ as 
by humid air and sea-water.” 

In 1892, R. A. Hadfield published the results of an 
extensive investigation on chromium steels] j which also 
* 1867, VoL 44, p. 632. 

t 1886, 11, 807. 

X No. 1,023, June 26th, 1872. ProviBional protection only wu obtained.* 
§ iliitialw dt» Minu, 1883, X. 

1802 ,n, 48. 
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included a few corrosion tests. These latter, however, were 
carried* out by exposing the samples to the attack of 
fifty per cent, sulphuric acid, the assumption being 
made apparently, as was usual at the time, that such 
an acid test would give results in the same order as 
those given by ordinary corrosion tests but at a ‘greatly 
abcelerated rate: Hadfield’s results showed that as the 
chromium rose from 1*18 per cent, to 9*18 per cent., the rate 
of attack increased very decidedly. It is noteworthy that 
Hadfield does not comment in his paper on these results 
nor does he refer to any other corrosion tt^ts. In an Appendix 
to Hadfield’s paper, Osmond contributed a description of 
the microstructuTcs of some of Hadfield’s steels. He noticed 
that in those containing 5*19 and 9*18 per cent, chromium, 
the microstructure, in some cases, showed the presence of 
minute particles, presumably carbide, which were n^ 
attacked in the least by the etching reagent used, 20 pear 
cent, nitric acid. 

* What appears to be the only reference to the relative 
effect of carbon and chromium on the resistance to acid 
attack of iron alloys is conitained in an article by Carnot and 
Goutal, “ On the Condition of Silicon and Chromium in 
Metallurgical Products.”* These investigators found that 
chromium steels containing a small amount of chromium are 
• readily attacked by acids (even when cold and diluted) if 
they are highly carburised, but much more slowly and with 
greater difficulty when tht^y contain a small amount of carbon, 
Hadfiejd’s results as to the increased corrodibility of 
chromium steels in sulphuric acid were confirmed by 
Monnartzf, who also found similar results with hydrochloric 
acid. Monnartz also fefund that the behaviour of chromium 
steels with respect to nitric acid was more complex. Up 
to 4 per cent, chromium, the resistance to dilute nitric acid 
decreased as the chromium increased, while, on the other 
liand, the resistance to concentrated nitric acid increased* 
Above 4 per cent, chromium, the resistance to dilute nitric 
acid rapidly increased as the chromium rose to 14 per cenL 
and more slowly afterwards, until at 20 per cent, chromium 
the alloys were as stable as pure chromium. Monnartz’s work 
«was concerned mainly with the resistance of the alloys to acid^. 

* CompUB Stndu \ 1808 , Vol. 126 , ISiO. 

t M^wgi€, Vol. Vm, mi, p. 161 . 
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He mentions, however, that the higher chromium^ alloys, 
especially those containing over 40 per cent, chromium, showed 
excellent stability towards atmospheric .conditions. Thus 
he states that such alloys, which were exposed for two years 
to the influence of the laboratory atmosphere, showed no 
trace of change, retaining their original bright lustre. They 
were also stable in a remarkable manner* to river- water ; 
in addition, the high percentage alloys resisted cold se,a- 
water well, while those containing less chromium* w^re 
attacked. Monnartz, however, does not give any details 
as to which alloys (his series included alloys up to 98 pfer 
cent, chromium) were or w^ere not successful ; in fact the 
remarks as to atmospheric and water attack are introduced 
almost casually at the end of the section of the article 
dealing with the resistance of the alloys to nitric 
j^id. 

^ Monnartz also experimented with iron-chromium-molyb- 
denum alloys and the results of his investigations led to the 
German patent 246,035 (Jany. 22, 1910), in which his name 
is coupled with Borchers’, for an iron alloy which combined 
high resistance to chemical action with mechanical work- 
ability and which consisted of an iron-chromium alloy to 
which was added 2 to 5 per cent, of molybdenum, vanadium or 
titanium. The minimum chromium content of the alloy is 
given in the patent as 10 per cent., but it would appear that the • 
inventors had in mind the use of much higher amounts than 
this, as the only composition specifically referred to was one 
consisting of about 60 per cent, chromium, 85 pe/ cent, iron 
and 2 or 8 per cent, molybderium. 

Finally the corrodibility of a series of steels containing 
up to 5-3 per cent, of chromium (along with other alloy steels) 
was examined by Dr. Newton Friend,* who found that his 
results confirmed those of Hadfield as to the resistance of 
such steels to the attack of sulphuric acid. As regards the^ 
resistance to neutral corroding media, he states that in such 
media “ the resistance offered to corrosion apparently rises 
with the percentage of chromium. This is particularly the 
case for salt water, and the employment of chromium steels 
in the construction of ships would appear to be fully justified 
on this ground alone,” In connection with this, it should 
be noted that Friend did not experiment with any steel 
* J.LSJ,, 1912, I, 249 ; 1913, 1. 8SS. 
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containing more than 5*3 per cent, chromium, an amount 
quite insufficient to reduce the corrosion of the steel in 
neutral media to negligible amounts and that, althougli he 
found the amount of corrosion to be considerably reduced 
by the presence of this content of chromium, such steels still 
corroded to a quite considerable extent. 

It will tlius be seen that at the time of the discovery 
of the remarkable non-corrosive properties of the material 
subsequently known as “ stainless steel,” the published 
ihforgiation on chromium steels would not liave led anyone 
to suspect that sucli remarkable properties were likely to 
be present. Broadly speaking such knowledge as there was 
indicated that : — 

(a) Iron-chromium alloys containing large amounts of 

chromium resisted the attack of certain strong 
acids. These alloys were almost certainly v^y 
highly carburised and hence had mechaniral 
properties akin to cast iron rather than to 
steel. 

(b) The addition of chromium decreased the resistance 

of steel to the attack of sulphuric acid. It 
should be remembered that such tests were 
believed to indicate the general corrodibility of 
the several steels in other media, and hence gave 
the impression that chromium steels were not 
likely to be of much value as non-corrosive 
materials, 

(c) ^It had been shown that the presence of chronuum 

up to about 5 per cent, retarded the corrodibility 
in neutral media. The investigations, however, 
did not indicate the influence of the carbon 
content, nor of the heat-treatment of the steel 
(or of other points which, as will be shown 
later, have a decided influence on the non- 
corrosive properties), nor did they suggest 
that it was likely that a steel practically immune 
from corrosion could be developed. 

(d) Monnartz’ work showed that “high chromium 

alloys” (especially those with 40 per cent, 
chromium ^and upwards) resisted atmospheric 
attack and river and sea water. 
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It is therefore clear that the discovery of the no*n- 
corrosive properties of chromium steel by Brearley, in 1913^ 
was something entirely new in the history of these steels. 
As frequently happens however, in scientific discovery, 
other investigators had been working quite independently, 
and at about the same time, along somewhat similar lines. 
In the United States of America, Elwood Haynes, several 
years prior to 1912, had experimented with cbbalt-chromium’ 
and cobalt-chromium-tungsten alloys and as a result had 
patented and put on the market a series of alloys, known 
collectively as “ Stellite,” from which tools were made con- 
siderably superior to those of the best high speed steel, as 
regards their ability to cut when hot. In addition, these 
alloys were remarkably resistant to corrosion. Further 
experiments involved, among other things, the addition of 
iron to the alloys and led to the discovery that the ternary 
cqh^l^'^‘hromium-iron alloys were more malleable than those 
fri*c from iron and to a degree increasing with the iron content. 
At the same time, the corrosion-resisting properties were 
good, providing the alloy contained not less than 10 peB 
cent, chromium and 5 per cent, cobalt. Haynes named the 
ternary alloy “ Festel ” metal and its properties led him to 
investigate iron-chromium alloys free from cobalt. He 
published an account of his experiments in 1919* and from 
this, it wwild seem that during 1911 and 1912, he made some 
snmll ingots, weighing probably about four ounces each 
yrhieh, from the constituents of the mixtures melted, probably 
contained from 5 to 20 per cent, chromium. From these 
ingots were hammered small tools which were , found to 
function well in this capacity ; they also resisted atmospheric 
corrosion extremely well. It is difficult to judge to what 
extent Haynes followed up his discovery but, from what he 
states in the paper mentioned above and also in a later one 
published in 1921,+ it would appear that he was concerned 
mainly in the properties of the alloys from the point of vieiy of 
cutting tools, that he was not particularly intere^ed in the 
effects of heat treatment on the alloys and that he knew 
little about either the range of physical properties obtainable 
from high chromium steels by means of suitable heat treat- 
ment or the relative effects of carbon and chromium both 
* JVoc. Sng* Soc. Weskm Perm,, Vol. XXXV‘, p. 467. 
t Tearhookf Amer, Iron 4t Steel Inst.^ 1921, p. 21. 
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as regards response to heat treatment and resistance to 
corrosion, • It is at least certain that the commercial develop- 
ment of the high chromium steels took place some consider- 
able time later in,the United States than in Britain.* Haynes 
tells us that his first application for a patent was rejected on 
the ground that chromium steels were not new. In this 
connection it is interesting to note that he remarJes, in the 
earlier paper referred to above, that after making his initial 
experiments, “ In order to make sure that such alloys were 
unknown at this time, letters were written to practically all 
the large steel producers of the United States, asking for a 
non-rusting or non-tarnishing iron or steel alloy, but the 
replies received were all of a negative character, and showed 
that no such alloy existed, but suggested the possible use of 
alloys of nickel and iroix, but in no case was chrome-iron or 
chrome-steel even mentioned.” It is perfectly clear there- 
fore that the steelmakers of the United States of Americe^as 
a whole, and probably those of other countries in genCTal 
as well, were then ignorant of the special non-rusting 
•characteristics of high chromium steels. This is important, 
as attempts, f not very satisfying it must be confessed, have 
been made to suggest that such a characteristic of high 
chromium steels was well known. 

Haynes filed a second application for a patent in 1915, 
actually fifteen days before Brcarley filed his. Haynes’ 
patent was not granted, however, until 1919 ; it claims 
alloys of iron and chromium containing not less than 8 per 
cent, (and preferably 10 per cent.) and not more than 60 
per cent, of chromium as being specially resistant to corrosion. 
The carbon content was to be not more than 1 per cent, and 
preferably in the ran^e of 0*1 to 0-5 per cent. He particu- 
larly mentions alloys containing 80/75 per cent, iron, 20/25 
per cent, chromium and 0-1/0 -5 per cent, carbon as being 
well adapted for the purposes of his invention. He says 
“ such an alloy is hard, stiff and strong, has good ductility, 
works well under the hammer and swages readily, has a high 

• 0r. J. A. Mathewa (of the Crucible Steel Co. of America), stated in the 
discussion of Haynss’ paper, in 1921 ; “ W© pride ourselves on bemg a progressive 
people, yet in the matter of adopting stainless steel for general use we am far 
behind our oonsorvative British cousins. The use of stainless steel in Great 
Britain in its various applications has gone ahead very much more rapidly than it 
has in America.” 

t See, for example, “ Oorrosion-Besistant Alloys — Past, Present and Futuna*” 
P. A. E. Armstrong. Proc, Amer, 8oc. Tc&t. MaL, Vol. XXXV, Pt. 2, 1924, 

• < 588*<}5 
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lustre^ , taking an excellent polish and will take and retain* a 
good smooth permanent cutting edge, readily renewable by 
honing and grinding.” In view of these remarks and’ of the 
fact that he specifically states that his alloys are particularly 
suitable for cutlery, it is interesting to note that the greater 
part of the material included in this particular range of 
composifion (80/75 per cent, iron, 20/25 per cent, chromium, 
0-1/0 *5 per cent, carbon) cannot be appreciably hardened 
by quenching from any available temperature ; sec pp, 59, 
et seq, , I 

In Germany, Drs. Strauss and Maurer, of the researfch 
department of Messrs. F. Krupp, A.G., had turned their 
attention to the joint effects of chromium and nickel oh 
steel. A preliminary note on their investigations was 
published in June, 1914, in a paper* read by Dr. Strauss 
before a meeting of chemists at Bonn. The paper dealt with 
t^ microscopic examination of steel but in it reference was 
made to the marked rustlessncss and acid resisting properties 
of steel containing large fimounts of chromium and nickel. 
A detailed account of their work does not appear to have 
been published until August, 1920f ; here the authors state 
that their studies of these high chromium-nickel steels were 
conducted between 1909 and 1912. In October, 1912, 
patents were obtained in Germany, and later in other countries 
for two series of chromc-nickcl alloys for which corrosion 
resistant properties were claimed. In the first series, f for 
resistance to general corrosion (not acids), the limits of 
analysis were 0-5 to 20 per cent, nickel, together with 
7 to 25 per cent, chromium. The second series, comprised 
alloys containing 4 to 20 per cent, nickel with 15 to 40 per 
cent, chromium and, for these, resistance to attack by 
acids, particularly nitric acid, was claimed. In both series 
of steels the carbon content was limited to 1 per cent, or less. 
It will be noticed that in both patents, nickel is included 
as an essential constituent of the steels ; it would appearjjin 
fact, from the published accounts, that Drs. Strauss and 
Maurer were not aware of the excellent properties 

* • Z. Angew. Chem,, VoL XXVII, pp. 633-645. 8taM it. Misen, 1914, p. 1814. 

f'Die Hoohloj^erten Chromnickelstahle aJs Nichtrostende Stable.'* 
Kruppsche Mon<iUhejte^ August, 1920. 

t German patent 304,126. Oot., 1912. patent 13,414. June, 1913. >> 

§ German patent 304,159, Bee., 1912. British patent 13,415. June, 1913. 
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possessed by the pure chromium steels. In this connection 
one may note that a third English patent (No. 13,413) was 
obtained at the same time as the two mentioned abo\’e, for 
steels containing* 15/25 per cent, chromium (which could be 
partly replaced by nickel if desired) ; in this patent, resistance 
to oxidising conditions at high temperatures, e.ij., TOO^'/IOOOC.® 
was claimed, but no mention was made of resistance 
to general corrosion. As a result of these patents, 
Messrs. F. Krupp, A.G., placed on the market two types of • 
steel,* one, termed containing 12/14 per cent. 

chromium and 1 •5/2-0 per cent, nickel and the other, ‘"V.2.A.” 
containing about 20 per cent, chromium and 7 per cent, 
nickel. In the. latter case, the nickel coiitcnt is undoubtedly 
a determining factor in the mechanical and corrosioa-resisting 
properties of the steel ; as will be seen later, this material 
differs markedly in many respects from the Brcarley type 
of stainless steel. The “ V.l.M.” steel, however, correspoiwis 
closely to Brcarlcy’s steel, but it is wry doubtful if the 
l*5/2*0 per cent, nickel, which it contains as an essential 
constituent, has any appreciable influence on the resistance 
of the steel to corrosion ; and sueli effects as it has on the 
mechanical properties are in many cases disadvantageous 
rather than otherwise. 

Modern rust -resisting steels tlius owe their conception 
to at least three sources, and it seems quite evident that all 
the discoveries were made indepeitdently of each other. 
Often however the value of a discovery lies in its adaptation 
to human use — it is largely considerations of tliis nature 

which disUnguish “ discovery ” from ‘‘ invention ’’ and in 

this case one can narrow the issue somewiiat. As regards 
steels containing only •chromium, although their property of 
resistance to corrosion was discovered almost sirnullaneously 
by Brcarley and Haynes, it is to the former almost entirely 
that their adaptation to engineering and technical purposes 
is due. It may be said quite definitely that the type of 
stainless steel which depends for its properties on the presence 
of chromium alone, had its commercial birth in Sheffield 
and was largely reared there. 

On the other hand, the credit for the chromium-nickel 
type of stainless steel, and particularly where the nickel 
content is sufficiently hfgh to produce what is known as an 
austenitic alloy (the type named by Messrs. F. Krupp 
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“ V.2.A.”), undoubtedly goes to Drs. Strauss and Maurer. 
Goods made from this alloy (and also “ V.l.M.”) wore ex- 
hil>itcd by Messrs, F. Krupp at the Malmo Exhibition in 
April, 1914, and were probably among the earliest rust- 
resisting steel articles made. Their development outside 
Germany, and probably also in that country, was undoubtedly 
very largely hindered owing to the outbreak of the World 
War in July, 1914, so that even by 1923 or 1924 they were 
comparatively unknown in most countries. Since that time, 
however, the “ V.2.A.” type of alloy has found many applica- 
tions. The usefulness of the ‘‘ V.l.M.” type of steel has not 
been so apparent however, and more recently the German 
firm have put on the market other brands “ V.8.M.” 
and “ V.5.M.”) in which the nickel content is lowered to 
about 0-5 per cent., /.e., to an amount such as is often present 
accidentallv in the Rrearley steel, and thus brought them into 
li£‘ with the latter type of alloy. 

When tracing the commercial development of stainless 
steel since its discovery and also its evolution from two simple 
types— -a hardenablc steel and an austenitic steel— into the 
numerous forms wdiieh arc manufactured to-day, it 
should be remembered that during the first eight or ten years 
of this period, only the plain chromium steels of the Brcarley 
type were made in this country ; the austenitic chromium- 
nickel form was not introduced until the end of 1923. In 
Germany, of course, the latter steel had been employed earlier 
than this — though it is doubtful whether it was used to any 
great extent in that country prior to 1919 or 1920, owing to 
wartime conditions — but irr the United States of America, 
and probably most other countries, its development was even 
later than in England. c 

At the time of Brearley’s discovery, there were several 
varieties of ferrochromium on the market, the variable 
being the carbon percentage. Chromium has a very 
great affinity for carbon so that it is a matter of ^ome 
considerable difficxilty to produce alloys rich in chromium 
and, at the same time, comparatively free from carbon. 
In the grades of ferrochromium generally available at that 
time the carbon ranged from about 8 per cent, to about O-'B 
or 0*8 per cent. As such alloys contained about 60 per cent, 
chromium it is obvious that only the lowest carbon material 
was of any value for producing a low carbon steel containing 
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about 12 per cent, chromium and also that, with this lowest 
carboa fertochromium, the commercial production of a 
stainless steel with less than about 0*25 per cent, carbon was 
impossible ; indeed it was quite easy for the carbon to rise to 
0*8 or 0*4 per cent, during melting, owing to the avidity with 
which the molten material absorbed carbon. • 

There were certainly carbonless chromium alloys and 
even metallic chromium on the market ; these alloys, which 
were produced by the Thermit process, wei*e, however, much 
more expensive than the other chromium alloys and they 
were not being produced in any quantity. As it happened, 
however, the carbon content of the stainless steel produced 
by the low carbon alloys mentioned in the previous paragraph, 
i.e., in the neighbourhood of 0*3 per cent., was probably the 
most suitable for tlu‘ production of stainless cutlery for which 
the material was first used commcfciaHy, so that the need 
for lower carbon steel was not at the time urgent. Afiy 
further development in that direction w’hich might have taken 
place was held up during the period of the Great War, because 
the value of stainless steel for war purposes, particularly 
for the manufacture of valves for the engines of aeroplanes, 
was soon realised, with the result that the whole of the 
output of stainless steel in this country was taken for war 
purposes. Here, again, there was no particular incentive 
to produce a lower carbon material because, for the manu- 
facture of aero valves, a somewhat higher carbon steel than 
that used for cutlery w’as an advantage, for reasons which will 
be seen later. After the conclusion of hostilities, however, 
opportunities occurred for developing the production of 
stainless steel with carbon content considerably below 0*8 per 
cent., and with the advent, on a reasonable commercial 
scale and at an economic price, of carbonless fcrrocliromiura, 
the production of stainless material w'ith 0*1 per cent, carbon 
or less became possible. As far as the author is aware, such 
low carbon stainless steel, or stainless iron as it is quite 
generally called, was first produced on a commercial scale 
in June, 1920, when the firm with which he is associated made 
a five or six ton cast of material containing 0*07 per cent, 
carbon and 11 *7 per cent, chromium and cast it into twelve- 
inch square ingots. Similar low carbon material had certainly 
been produced prior to this, but only in small quantities and" 
generally for experimental purposes only. 
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The j>hysiea] and mechanical properties of the low carbon 
material thus produced we re found to be ideal for a number of 
purposes. Thus it could be hot worked with considerably 
greater ease than the higher carbon stainldlss steel and, after 
suitable heat treatment, it had a range of tensile strength 
of the orde r of 30 70 tons per square inch. It was, there- 
fore, suitable for many purposes for which the higher tensile 
strength of stainless steel had been rather a disadvantage. 

The necessity for using a totally different raw matcriaJ, 
carbonless ferroehromiuin instead of the ordinary low carbon 
variety (0-6 to 1 per cent, carbon), led to the idea that 
stainless iron was a distinct product and quite different from 
the pre-existing stainless steel. While this was, perhaps, true 
in some respects, it was quite wTong metallurgically. The 
name stainless iron may be commercially justifiable, but the 
material is more correctly described as a very mild stainless 
afeel and forms the lowest carbon member of a series of steels 
of continuously varying carbon content which are, in many 
respects, analogijiis to the series of ordinary carbon steels 
ranging from “ dead soft ” to tool steels, except that in 
the case of the stainless material the range, as mentioned 
earlier, is not so extensive. Thus it is not possible to prepare 
stainless material commercially with a tensile strength of the 
same order as that of the softest carbon steels, i.e., about 25 
tons per square inch or less, while at the other end of the scale 
it is only possible to produce the same degree of hardness in 
stainless steel as is associated with a fully hardened carbon tool 
steel by increasing the carbon content to a value which entails 
a considerable loss in resistance to corrosion. * However, 
within the limits of tensile strength most satisfactorily 
available, which extend from about 30 tons per square inch 
up to about 110 tons per square inch, these stainless steels 
of the “ Brearley ” type may be produced in forms possessing 
any desired strength by suitably varying the composit^n and 
treatment of the steel. 

The idea that there are different “ tempers ’’ of this 
type of stainless material, similar to those of ordinary carbon 
steel, is not yet by any means fully realised, especially in the 
engineering industries. This is unfortunate as, generally, 
the use of the proper type of stainless material for a particular 
purpose is as important with this material as it is with ordinary 
carbon steel. 
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The series of steels thus produced “-'C'ontaining 12/14 
per cent, chromium and an appropriate amount of carbon for 
each particular purpose - were amazingly successful in many 
directions. In addition to satisfying the demands of the 
cutlery trade, their use solved many difficult problems in 
connection with steam and hydraulic service. Tl^ey have 
been extremely valuable for turbine blading, particularly 
the irbns and lower carbon steels whose mechanical properties 
are well suited to the fabrication methods employed by 
turbine makers. But in certain cases, they fell short of the 
early optimistic anticipations of their, value. For example, 
the range of chemicals to which they offered a reasonable 
resistance proved to be less extensive than was hoped. On 
the general engineering side, it was, found that, when in 
contact with copper alloys while immersed in water, and 
particularly saline water, they were liable to be selectively 
attacked, due to electrochemical effects between 
two metals. Corrosion proceeding from electrochemical 
effects is not unknown to engineers in connection 
with other metals ; the example of a bronze propeller inducing 
rapid corrosion of a ship’s plates may be instanced. Trouble 
of a similar nature was also experienced with the stainless 
material owing to contact with certain types of packings, 
particularly those containing graphite. 

In an endeavour to improve the resistance of the steel 
to such forms of corrosive attack, an increase in chromium 
content immediately suggested itself, and actually material 
containing 17/20 per cent, chromium instead of the 12/14 
per cent, previously used was found to possess very desirable 
properties from a corrosion-resistance point of view. Thus 
its stability against ^sea water, especially in the form of 
spray was very much greater than that of the lower chromium 
steel ; also in situations where the latter showed, in the 
course of a few days, selective attack due to contact with 
copper alloys in sea water, the higher chromium alloy re- 
mained unaffected after twelve months. Unfortunately, 
however, these desirable chemical attributes had been pur^ 
chased at the cost of mechanical properties ; the higher 
chromium alloy would not harden to any useful extent when 
quenched unless its carbon content was raised considerably, 
*a procedure which nullifies the beneficial effect of the extra 
chromium, and in addition it did not possess adequate 
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toughness. Experiments indicated, however, that if a 
sm^ll amount of nickel, aVjout two per cent., were added to 
the high chromium steel, the latter regained the power of 
hardening and also the capacity for giving, after.suitable heat 
treatment, mechanical properties similar to those possessed 
by the lower cliromium steels of equal carbon content. A 
scries of steels of this typ(; was put on the market, under the 
name “ Twoscore,” by Messrs. Brown, Bayley’s Steel Works, 
Ltd., during 1925 ; they arc useful to the engineer in pro- 
viding him with hardenable steels possessing considerably 
greater resistance to severely corrosive agencies than those 
of lower chromium content. 

As has been mentioned earlier, the development of the 
Krupp austenitic alloys was undoubtedly hedd up for some 
years after they were patented, in 1912/1013, owing to 
wartime conditions. They were introduced into this country 
about the end of 1923 and at a still later date into the United 
States of America. Their use, however, has developed 
rapidly, both here and elsewhere, during the last few years. 
Their mechanical properties are admirably adapted for 
certain purposes and although experience has shown that, 
in so far as resistance to corrosion is concerned, they are 
very susceptible to ce rtain forms of heat treatment and are 
not nearly so “ foolproof ” in their response to various 
manipulative processes as was at first imagined, they 
possess a very wide sphere of usefulness. 

Neither these austenitic alloys nor the hardenable steels 
of cither high or low chromium content represent, however, 
the whole of the metallurgist’s endeavour to 'meet the 
engineer’s demands for steels to resist corrosion. The last 
few years have seen great activity in the development of new 
types of stainless materials. Numbers of patents have been 
claimed and not a few steels put on the market. At the 
same time, many new uses have been found for the steels and 
one may specially mention in this respect, that product df the 
last decade — “ heat-resisting ” steel — which is frequently 
required to resist not only oxidation by air or by the products 
of combustion of ordinary fuels at high temperatures, but 
also the attack of corrosive gases, and in addition to 
possess considerable strength while so heated. 

Broadly speaking, the developments as regards com-* 
position have proceeded along three main directions. 
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(1) . The use of very high chromium contents, e.g., 
25 per qeiit. or more, with or without suiBcient nickel to make 
them austenitic. It should be noted that the use of such 
high chromium steels had been visualised in both the Krupp 
and the Elwood Haynes patents, but practical use only 
appears to have been made of them during the last few 
years. 

(2) . The addition of larger amounts of nickel than are 
found in the austenitic steels of the Krupp type. Thus the 
Soeicte Auonymede Commentry, Fourchambault et Decase- 
ville took out, in 1917 and 1918, a scries of patents for a group 
of steels - known eolleetively as “ A.T.V.” — in which the 
chromium content may vary from 10 to 15 per cent, and the 
nickel from 20 to Kl [)er cent . or even higher. Additions of a 
number of other alloys could also bo made to these steels. 
Some three or four yeans later, C. M. Johnson obtained patents 
in the U.S.A. for steels containing somewhat similar amounts 
of chromium and nickel to those in the “ A.T.V.” series of 
steels and in addition 1/10 per cent, silicon. 

(3) . The addition of other metals— cobalt, copper, 
molybdenvim, silicon, tungsten — either to the plain chromium 
steels or to one or other of the austenitic chromium nickel 
alloys. Many of these alloys arc more or less in the experi- 
mental stage and few have been used to any great extent 
commercially. 

As a result of all these numerous patents and develop- 
ments, the metallurgy of steels resistant to corrosion has 
become rather complex, though in actual practice, some of the 
complexity is not so apparent, because most of the highly 
alloyed steels are much more expensive and more difficult to 
work than the simpler chromium and chromium-nickel 
steels and hence are only used, or recommended for use, when 
the corrosive conditions encountered are such that a reason- 
able life cannot be obtained from the simpler steels. An 
attempt is made, however, in the following pages to deal in 
a more or less systematic manner with the properties of the 
various types of these steels and finally to give some account 
of their present and possible uses. 




THE INFLUENCE OF CHROMIUM ON THE 
STRUCTURE AND HARDNESS OF STEEL 




CHAPTER II 


THE INILUENCE OF CHROMIUM ON THE STRUCTURE AND 
HARDNESS OF STEEL 

• 

The dev(‘l(>pmoHt of tlu^ science of metallography during 
the past thirty years or so has enabled metallurgists not 
only to evolve improved methods for the mamifaoture and 
treatmt^nt of steel but also to give a logical explanation of 
many of the practices wliich had been previously evolved in 
a purely empirical manncT by skilled cTaftsmcn who have 
built up so much of the art of steel making. ( In the ease of 
alloy steels, the study of the struedure and eonstitution of tlitf 
steel and the influenee of th(‘ progre^ssive addition of the 
alloying elements on this structure and eonstitution has been 
of fundamental importance both in the development of the 
steels themselves and also of thc^ heat-treatment most likely 
to bring out the spcnhil eJuiraet eristics of the several stcclsj» 
It is well known that the propcTties of ordinary steel can be 
varied over a wide range* by varying tlie composition of the 
steel, mainly, of course*, with T(‘gard to carbon, and also 
that the prop(*rti(‘s of any given si eel can V)e altered by 
subjecting it to various treatments, edther m(*(*hanieal or 
thermal or both eombined. In addition to affecting the 
physical properties, such as hardness, toughness, ductility, 
etc., of the metal, these v arying compositions and treatments 
leave their mark on its structure, so that it has been one of 
the aims of the metallurgist to follow these changes in the 
structure and I'^orrclate the m with the corresponding changes 
in the physical properties. 

The early development of some of the alloy steels 
occurred at a time when metallographical investigation had 
not attained the prominence which it now holds in the iron 
and steel industry and when the fundamental principles 
underlying the correct heat treatment of steel were not 
appreciated or even unckerstood. As a consequence, such 
alloy steels as were used were, more often than not, employed 
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in a condition in which their useful properties were not- by 
any means fully developed ; owing to this, moye expensive 
steels were used to obtain desired propefti^ than were 
actually necessary. In the light of modern knowledge, 
some of the older inv^estigations on such alloy steels and the 
accounts of the heat treatment suggested for these, form 
very curious though interesting reading. 

In the case of stainless steel, knowledge of the changes 
produced in the internal structure of the metal by varying 
composition and treatment is of exceptional importance, 
because, in this case, not only do the ordinarily observed 
physical properties vary with such changes, but also the 
degree of resistance to corrosion. In order that the most 
efficient use may be made of stainless steel, the effects of such 
changes in composition and treatment must be thoroughly 
appreciated. Hence, a knowledge of the changes produced 
in the structure and constitution of the steel by different 
thermal and mechanical treatments and of the fundamental 
principles which underlie the metallographical explanation 
of these changes is very helpful not only to the manufacturer 
but also to the user of the steels. For this reason the author 
makes no excuse for dwelling at some length on the metallo- 
graphical aspect of the subject. He believes that a general 
acquaintance with this aspect will be of great assistance to 
those who wish to take advantage of the almost unique 
properties of the steel and in order that it may appeal to 
those whose knowledge of modem metallography is limited, 
he has endeavoured to write in the simplest terms. 

It will be gathered from what has been stated in the 
previous chapter that the fundamental constituent of all 
stainless steels is chromium. (A very large proportion of the 
corrosion-resisting steel made to-day consists of plain 
chromium steels or irons. The more complex types may 
have their properties modified by the presence of small or 
large amounts of other metals, but in all of them, chromium 
is the dominating constituent. Without it, these complex 
alloys would hardly justify the name of corrosion-resisting 
steels. It is therefore logical, and it is also convenient, to 
consider first the simple chromium steels and afterwards the 
modifications and improvements produced by the addition 
of other metals to these chromium steels. ^ 

The addition of large amounts of chromium to steel 
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produces a num'))er of characteristic effects on the properties 
of this .metW. /Of these effects the four following are -of 
particular ftiterest from the point of view of structural 
characteristics and heat treatment. The presence of 
chromium in steel : 

(a) Lower^s the carbon content of the micro-structural 

constituent pearlite. 

(b) Raises the temperature at which the carbon change 

point occurs and hence the minimum tempera- 
ture to which the steel must be heated before 
it can be hardened by quenching. 

(c) Diminishes very markedly the speed at which 

carbon diffuses through the heated steel. 

(d) Induces in the steel the property of air hardening, 

that is, of hardening on air cooling from tem- 
peratures above the carbon change point.' ^ 

The influence exerted by these changes is fundamental. 
The niicrostructures of ordinary carbon steels containing less 
than 0*9 per cent, carbon are known to consist of mixtures 
in varying proportion of two constituents, ferrite and pearlite. 
The former consists of practically pure iron, hence its name, 
while the latter is itself a mixture of iron and iron carbide, 

^ arranged alternately in the form of thin plates. These 
structural characteristics are now known to many users of 
steel but, as a reminder and also as a standard with which 
to compare the structures found in stainless steels, they are 
typified in Figs. 1 and 2, the former representing the 
appearance of an ordinary mild steel containing 0*8 per cent, 
carbon when examined at a magnification of 100 diameters, 
and the latter, the fine platc-like structure of pearlite, as 
seen at the highest powers of the microscope. 

Experiment has shown that the iron and carbide of 
iron forming the pearlite are in such proportion that this 
constituent contains 0*9 per cent, carbon, hence it follows, 
because the ferrite contains no carbon, that in steels con- 
taining less than 0*9 per cent, carbon, the amount of pearlite 
increases proportionally to the carbon content from nil in 
carbon-free iron to 100 per cent, in steel with 0*9 per cent, 
carbon. Evidence of thife is at hand in Pig. 1, in which thC/. 
area occupied by the pearlite is approximately one-third of 
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the wliole. Increasing the carbon above <’9 per cent, at 
wWch the whole mass consists of pearlite, leaBs ^ th« forma- 
tion of a third constituent, cementite or free carbide of iron, 
which may exist as a network round the “grains of pearlite, 
similar to that shown in Fig. 4, as plates cutting across them 
or as more or less rounded particles. 


) 



Fig. 5. Influence of carbon on the structure and mecbanicaJ propeitiee 
of ordinary carbon steels. 


From this summary of the structural characteristics of 
ordinary carbon steels and from the known properties of 
pure iron, a soft ductile metal, and of carbide of iron, a hard 
brittle compound, one can readily understand that the 
mechanical properties of steels containing up to 0*9 per cent, 
carbon are approximately a linear function of the carbon 
content. Thus the tensile strength increases from about 
18 tons per square inch in iron free from carbon to about 
60 tons per square inch at 0*9 per cent, carbon, while at the 
sanu' time the ductility, as represented by the elongatidk 
per cent, in a tensile test, gradually falls. 
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With more than 0*9 per cent, carbon, the physical 
characteristfcs of the carbide of iron impress themselves. in 
a more marked manner on the properties of the resulting steel. 
Up to this percentage of carbon, the carbide of iron has 
existed solely as part of the constituent pearlite, with the 
result that the lack of ductility of the carbide has J:)cen to 
a great extent masked, because in pearlite each thin plate 
of carbide is sandwiched between two thicker plates of 
very ductile iron. The carbide existing free as cementite, 
however, is not subject t o ibis moderating influence of ductile 
iron, hence it is not surprising to find that not only does the 
ductility continue to fall off as the carbon increases above 
0*9 per cent., but in addition, the tensile strength begins to 
decrease as soon as the cementite is present in a suflieient 
anujiint to make its properties and structural condition 
felt. This brief analysis of the effect of increasing carbon 
content on the properties of ordinary steels is summarised 
iTi Fig. 5, which also slu»ws diagraminatieally the gradual 
change in structure with increasing content of carbon. 

It, will be apparent from the brief resume given above 
that the factor which really governs the relation between 
the carbon content of steel and its mechanical properties is 
the amount of pearlite which can be formed from each 
carbon unit in the steel ; and this in turn depends on the 
carbon content of the constituent pearlite. As is indicated 
in Fig. 5, the addition of each 0*1 per cent, carbon, up to 
0*9 per cent, increases the volume of the pearlite in the steel 
by one-ninth of the whole, due, of course, to the fact that 
this pearlite contains 0-9 per cent, carbon. If by any means, 
as for example the addition of alloys, the composition of this 
constituent is altered, then obviously the relation between 
the carbon content of the steel and its structure and properties 
will also be changed. In considering the influence on steel 
of any alloying metal, it is, therefore, of the greatest im- 
portance that its effect on the carbon content of pearlite 
should be known, because it is this value which determines 
to a large extent the useful range of carbon content available 
in the particular alloy steel. Actually it is found that 
chromium has a very considerable influence on this carbon 
value. 

• In a paper published in 1920, the author* descriV>ed 

♦ “ The Structure of Some Chromium Steele.’* J.l.SJ., 1020, I, 493. 
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some experiments for determining the composition of the 
pearlite in a series of chromium steels. In these^experiments 
mse was made of cemented bars of low carboA steel con- 
taining different amounts of chromium." The bars (which 
were one inch diameter and six inches long) 'were cemented 
for 24 Xo 86 hours at 1,000*" to 1,100° C., so as to obtain 
a deep case ; they were then slowly cooled, after cementing, 
in order that the bars should be in the pearlitic condition. 
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Ptn Cent Carb»on. 

Fia. 6. Effect of chromium on the carbon content of pearlite. 

After cleaning with emery, tlie bars were turned down, over 
half their length, in cuts 0-25 millimetre thick and each cut 
analysed for carbon. From the remaining half of the bar, 
transverse sections were cut which were used for determining, 
microscopically, the depth to which free cementite existed 
in the bar. From the results obtained the relationship 
between the carbon content of the pearlite and the amouixt 
of chromium in the steel was plotted in a curve which is 
reproduced in Fig. 6. From this it will be seen that, in 
steel with 12 per cent, chromium, the pearlite contains 
slightly more than ()'3 per cent, carbon instead of 0*9 per cent., 
as found in steels free from chromium. It will be evident, 
therefore, that carbon has a much greater effect in producing 
“ steel ” from iron wuth a high chrolnium content than froAfi 
iron free from this alloying metal, and also that the useful 
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range of carbon content of such liigh chromium material 
is likely to be much more restricted than in chromium-free 
steels. As jam instance of this, it may be pointed out that, ^ 
from a structural point of view, annealed material containing 
12 per cent, chromium and 0-5 per cent, carbon, contains 
a large amount of free carbide and corresponds in that 
respect to a tool steel containing 1-3 to 1-5 per cent. ‘carbon. 

This will be ’evident from a glance at Fig. 4 which shows 
the prominently visible network of free carbide existing in 
steel containing the above-mentioned amounts of carbon and 
chromium. In the same way, the grains of the pcarlite in 
Fig. 3, representing a stainless steel containing 0*15 per cent, 
carbon, occupy almost half the area of the held and not 
about one-sixth of it as Avould be the case with an ordinary 
carbon steel containing this amount of carbon. The areas 
of pearlite in both these samples had a structure similar to 
Fig. 2, when examined at very high magnifications. This 
typical photograph of pt‘arlite was actually taken from tT 
sample of stainless steel. All the photographs shown in 
Figs. 2 to 4 werti tak(‘U from samples which had been very 
slowly cooled from a high temperature, such a treatment, 
as will be seen later, being necessary to obtain a pearlitic 
structure in high chromium steel. 

It is necessary to emphasise this effect of chromium 
on the carbon cont(^nt of pcarlite. Experience of various 
types of ordinary steels during a considerable number of 
years has familiarised those dealing with steel with the 
carbon contents most suitable for specific purposes. Thus 
case-hardening steels contain, in general, 0*1 to 0*2 per 
cent, carbon, axles and mild steel forgings, 0'25 to 0*35 per 
cent., while in special forgings the percentage may rise to 
0*40 or 0*45. Rails have a still higher carbon content, while 
railway and tramway tyres may contain up 0*75 to 0*80 
per cent. Tool steels may contain still more carbon and to an 
amount varying with the purpose for which they are intended. 
Because this grading has been evolved in a more or less 
empirical manner from the observed properties of steel, it is 
perhaps not generally realised that it depends solely on the 
carbon content of the eutectoid pcarlite. The fact is 
emphasised, however, in dealing with material such as 
stainless steel, the pearlite of which has a very much smaller 
carbon content. Owing to this marked difference, ideas as 
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to the carbon content most suitable for definite purposes, 
and evolved from usage with ordinary carbon steels, 
have to be completely modified in dealing with stainless steels. 

It is well known that in ordinary pure iron or mild 
steel there is very great difficulty in introducing more than 
aV)out 1*8 per cent, carbon even by prolonged cem,entation. 
As illustrated by the cementing experiments mentioned 
earlier, it is interesting to note the very high content of 
carbon which can be introduced into steels containing large 
amounts of chromium. In these experiments, the 
ste(ils with a chromium content in the range used for 
stainless material were cemented for 36 hours at about 
C. ; the outer layers of the bars thus treated con- 
tained approximately 3*0 per cent, carbon, while penetration 
had taken place to a depth of about three-eighths of an 
inch. These highly-carburised layers contained, of course, 
very large quantities of free carbide. 

Changes in Structure Occurring on Heating 
and Cooling. Passing on to consider the further effects of 
chromium as set out in paragraphs (6), (c), and (d), page 33, 
all of whi(*h have a considerable bearing on the heat treatment 
of steel, it may be advantageous to recall briefly the effect 
of heat treatment on the structure and properties of ordinary 
carbon steels. 

If a sample of ordinary mild steel, containing about 
0-3 per cent, carbon, is gradually heated, no appreciable 
change is produced in its structure until a temperature of 
about 740® C. is reached. Similarly, quenching samples 
of the steel from any temperature below this value produces 
no appreciable change in the properties of the material. 
At about 740® C., the carbon change point generally referred 
to as Ac.l occurs, being accompanied, as is well known, by 
a marked absorption of heat. During this change, the pearlite 
in the steel changes from a mixture of two separate materials, 
iron and carbide of iron, into a homogeneous solid solution 
which, for convenience, is called austenite. If a small 
sample of the mild steel be rapidly quenched in water 
immediately after this change has taken place, it will be 
found that the original structure of ferrite and pearlite has 
been replaced by another having the same general pattern 
as before but in which the pearlite areas are now occupied 
by a substance which shows no signs of the duplex 
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structure of the pearlite. This new constituent is called 
martensite , and to it is due the hardness of quenched steel. 

It \vilH)e noted that the areas occupied by the martensite 
in the quenched sample correspond to those which, when 
existing in the ho*t steel immediately before quenching, are 
referred to as austenite. The advisability of using different 
names for what appear at first sight to be two conditions of 
the same substance will be discussed later. Actually, it is 
found that there are important differences between austenite 
and martensite. 

If the heating of the mild steel is continued, the solid 
solution, austenite, gradually dissolves the surrounding 
ferrite as the temperature rises until, iuially, the whole 
mass consists of austenite. If small samples be rapidly 
quenched from a series (»f gradually increasing t(‘mperatures 
above 740^ C,, it will be found that the amount of the C5on- 
stituent martensite in these quenched samples gradually 
increases while that of the ferrite gradually gets less untile 
finally, the whole mass consists of martensite. 

In the same way, if ordinary steel containing more than 
0*9 per ec'iit. carbon be heated, a similar series of changes 
takes place ; the pearlite is first replac(‘d, at the Ac.l change, 
by austenite which then, as the temperature rises, gradually 
dissolves the cementite. 

Although martensite does not possess the duplex 
structure of pearlite it shows, on more or less deep etching, a 
characteristic structural appearance which suggests a scries 
of interlacing needles. This appearance, which is illustrated 
in Fig. 11, is connected with the cr^^stalline structure of the 
martensite or of the austenite from wdiich it was formed. The 
size and distinctness of this structural pattern increase 
markedly as the temperature of quenching is raised above 
that of the Ac.l point. 

It would be expected that the temperature required 
to produce, on heating, a homogeneous mass of austenite 
in any particular steel, will varj^ with the amount of ferrite 
or cementite which it contains ; this is actually the case 
and the results of numerous experiments in this direction 
are summarised in the diagram shown in Fig. 7. This shows, 
again as would be expected, because it affects only the con- 
stituent pearlite common to all steels, that the carbon change 
point, on heating, occurs at sensibly the same temperature 
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for any carbon content, a fact indicated by the continuous 
line, Ac.l * running across the diagram at 740° C. T^e tempera- 



ture of finiil solution of the ferrite is marked by the line 
Ac.8, which falls from about 920°C. in practically carbonless 
material to 740°C. at 0*9 per cent, carbon, where it joins the 
Ac.l line. In the same w^ay, the line Ac.crn. represents the 
temperature of complete solutron of the cementite and this 
will be observed to rise very rapidly as the amount of carbon 
iiicreases above 0*9 per cent. 

On slowly cooling the steels, the corresponding changes 
take place in the reverse order, but at temperatures approxi- 
mately 50° C. below those at which they occurred on heating. 
Thus the dotted lines Ar.3 and Ar.cm. mark the beginning 
of the separation of ferrite and of cementite respectively while 
Ar.l similarly marks the change of austenite back into pearlite. 

From wliat has been said it will be evident that, of all 

'•'The ase of the “shorthand sign” Ac.l is readily understood when it is 
rcmemberc'd that these letters are an abbreviation for the Frenob words arrit 
(arrest), chavffage (heating). The numeral 1 distinguishes this point from others 
whioh occur at other temperatures on heatings Similarly changes on coolin'g 
are indicated by the letters Ar^ the •second letter indicating refroUliaseimnt (cooling)r. 
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carbon ste^s, the simplest, from the point of view of changes 
occurring during heat treatment, is one containing 0*9 per 
cent. carbj)n. ‘Such a steel normally consists solely of 
pearlite ; on heating it has one change point, at 740^’ C., at 
which th^ pearlite changes to austenite. A small sample 
rapidly quenched from any temperature above this consists 
entirely of martensite. A steel of this composition is 
frequently called* “ eutectoid,” a term which has been coined, 
from Greek words, to indicate that the structural changes, . 
which occur in sueli a steel on heating, are completed at 
a lower temperature than in steel of any other carbon content. 
This, of course, is evident from the diagram Fig. 7. Steels 
which contain less carbon than 0*9 per cent, arc termed 
hypoeuteetoid, and tfiose with Ingher carbon hypereuteetoid. 

If any confidence may be placed in analogy it w^ould be 
expected that, in stainless steels, th(* si mpk st changes on heating 
and cooling will be found also in st(‘el of eutectoid composition 
and actually it is found that the changes in structure and*^ 
properties occurring in stainh‘ss steels are much more readily 
understandable if attention is first given to steel of such 
composition. It will also be an advantage if at the outset 
steels containing about 12 per cent, chromium are considered. 

One of the efh'cts of the [insenec* of large amounts of 
chromium in steel, as noted on page 33, is that the steel 
acquires the property of hardening when cooled in the air from 
•temperatures above the carbon change point. Owing 
to this property, to which more detailed consideration will 
be given later, it is necessary to cool stainless steel very 
slowly from a fairly high temperature in order to produce in 
it a pcarlitic structure. Howe\Tr, a steel containing about 
12 per cent, cliromium and 0’30 per cent, carbon, i.e., of 
eutectoid composition, slowly cooled from a temperature of 
1,000" C. or over, consists of well-defined pearlite, as shown in 
Figs. 2 and 8, and has a Brinell number of about 200. If small 
samples of such a steel are quenched from a series of gradually 
increasing temperatures, it will be found that no change in 
the structure or the hardness of the quenched piece is pro- 
duced until a temperature of about 800° C. is reached, owing 
to the fact, stated in paragraph (6), page 83, that cliromium 
raises the temperature at which the carbon change point 
oepurs. Here the Ac.l cjiangc occurs and, as in ordinary 
steels, is accompanied by a well-defined absorption of heat. 



42 


STAINLESS IRON AND STfiEL 

Whereas, however, in ordinary carbon steels solution 
of the carbide in the pearlite takes place very rapidly at the 
Ac.l point, in stainless steels, as in all high dhroi^ium steels, 
it takes place much more slowly. As a result of this, the 
absorption of heat in these steels, which is generally referred 
to as Ac.l, is actually only the commencement of this change 
because only part of the eutectoid carbide dissolves at that 
temperature, the remainder going progressively into solution 
as the temperature rises over a range of 150°/200° C. above 
this point. For convenience, however, the temperature 
marking the heat absorption at the beginning of this 
range will be referred to in the following pages as 
the Ac.l change. If two small samples of the steel in 
question are quenched, one immediately below and the other 
immediately above this Ac.l point, it will be found that the 
latter is considerably harder than the former and, when pre- 
pared as a microsection, etches more slowly, but the micro- 
“^structures of the two appear to be almost identical. In that 
quenched below the change point, the structure consists 
of pearlite, or fine lamellae of carbide more or ^ss 
evenly distributed through a ground mass of ferrite, 
precisely similar to Fig. 8 ; that quenched above the 
change consists of lamellae of carbide, less in number than 
before but similarly distributed in a background of martensite. 
Owing, however, to the lamellae of carbide being closely 
packed, the background has little chance to develop any* 
distinctive signs of martensitic structure. The similarity 
between the structures of two such samples as these is 
illustrated by comparing Figs. 8 and 9, the latter representing 
a sample quenched from 825'" C., i.e., about 25° or so above 
Ac.l. The resemblance between the two structures is 
evident, as is also the large amount of carbide remaining 
undissolved in the sample quenched from 825° C.* 

* Prolmbly the most convenient etching reagent for these steels is a 10 per 
cent, solution of hydrochloric acid in alcohol ; the time of etching with this 
reagent varies according to the condition of the steel, being approximately three 
to five minutes for annealed samples and twenty to thirty minutes for tho«e 
which have been hardened. For use with higher chromium steels, especially 
those of low carbon content, the strength of the hydrochloric acid solution may be 
conveniently increased to 15 i^cr cent., and 5 per cent, nftric acid added. 

3 In order to show the carbide in stainless steels, the reagent proposed by 
Murakami is also very useful. This reagent (an aqueous solution containing 
10 per cent, of caustic potash and 10 per cent, of potassium ferricyanide) darkens 
the carbides, leaving the other constituents unaffected and has, therefore, an 
action similar to that of sodium picrate on ordinary steel. It may be used cold, 
in which case about 10 or 20 minutes' attack may be required, or boiling, when 
the attack is more rapid. 
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As tlfe temperature rises above the Ac.l point, the 
amount of Icarbide remaining undissolved becomes less and 
less, whilwin samples quenched from a series of gradually 
increasing tempe/’atures, the appearance of martensite 
becomes imorc pronounced. Finally, at a temperature of 
about 1,000° C., depending to some extent on the rate of 
heating, the time of soaking at the maximum temperature 
and also on the*chromium content, complete solution of the 
carbide is obtained ; samples quenched, or air cooled, from 
this temperature or above (‘onsist of martensite —see Figs. 10 
and 11. 

As a consequence of the gradual solution of the carbide 
above the Ac.l change point, stainless steel does not altain 
its full hardness on qiumching immediately aV)ove this 
point ; on the .contrary, the hardness of quenched samples 
increases as the (pic‘nehing temperature is raised through 
the range of 150°/20()" C. above this point during which, 
as pr(‘viously described, the carbide is gradually dissolving. 
This is shown in Fig. 12, which represents the Jlrincill 
hardness numbers obtained from a seri(‘s of samples 
quenched at gradually increasing temj)eraturt*s. 

Having traced the 
changes occurring on h<‘at- 
ing a sample of stainless 
steel to the point at which 
• it becomes fully hardcru^d 
when quenched, the struc- 
ture so produced consisting 
entirely of martensite, 
attention may next he given 
to the effect produced by 
tempering such a sample. 

If a fully-hardened sample 
of ordinary carbon steel of 
<*utcctoid composition be 
reheated to a scries of 
gradually increasing temper- 
atures it is well known from annealed Htaiiiloss steel 

i. Ii. i 1 r 1.1 (0'30 per (Hmt. carbon) afU^r water quenoh- 

ttiat the hardness ot the mg frt>ra the temfniratures in<licated. 

Steel is gradually reduced. 

After tempering up to about 200° C., there is practically no loss 
of hardness, but as the temperature rises above this figure up 
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to 740""C., the Ac.l point, the hardness falls almos^nifornily; 
This is indicated in curve B in Fig. 13, whichl shows the 
Brinell hardness numbers obtained on tempting such 
a steel at a series of gradually increasing teniperatures. 
From each tempering heat the sample was qucnchea in water, 
hence the Ac.l point which occurred at 740 C. is marked 
by a sudden increase in the hardness. On tempering in 
the same manner a hardened sample of stainl^jss steel, changes 
similar to those occurring in the ordinary carbon steel 
are produced but they occnir at much higher temperatures. 



Tempering- Temperature. 

Fjq. 13. Brinell liardness minil)ers obtained on tempering hardened 
steels at f^radually increasing teniperatures, the samples being water quenched 
from each Uunju-ring heat. 

A. Stainless Steel (0*30 pe*r eent carbon). 

B. Carbon Steel (0*90 per cent, carbon). 

C. Stainless Iron (0*07 per cent, carbon). 

With the high chromium steel, the hardness remains 
almost unchanged up to 500° C. or slightly higher. 
At about 550° C. softening takes place rather suddenly, 
the hardness falling rapidly so that by the time the tem- 
perature has reached 600° C. the Brinell hardness number 
has a value of 250 to 300. From 600° C. up to 750° or 800°C., 
the hardness falls slowly and steadily to a value of about 
200 Brine.ll. In curve A, Fig. 13, are plotted the Brinell 
hardness numbers obtained on tempering such a steel at 
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gradually iiicreasiiig temperatures and a comparison of this 
with curvqf B -in the same diagram indicatt^s clearly the 
difference^ between the two types of steel. Curve A also 
shows verr plainly *the three ranges of tempering temperature, 
mentioned above, whieli occur in the tempering of stainless 
steel. From a practical point of view, the third range, 
from about 600^, to 750° or 800° C. is very interesting and 
useful, because a steel which on tempering does not alter very 
much in hardness or tensile strength over a range of fifty 
or a hundred degrees of tempering temperature is obviously 
more easy to heat treat on an industrial scale than one in 
which the hardness changes rapidly as the temperature 
increases. On the other hand, the very sudden fall in 
hardness occurring between 500° and 600° C makes it 
difficult to secure prescribed properties by tempering stainless 
steel in this range. 

The alterations in hardness occurring on tempering a^ 
hardened sample of stainless steel are accompanied by 
changes in the structure of the steel. After tempering at 
temperatures up to 500° C., in the range in which the hardness 
remains practically constant, the structure still consists of 
martensite similar to that in the untemperi'd sample, though 
it probably requires a shorter attack than the latter by the 
etching fluid to develop its structure. The sudden drop in 
^hardness occurring between 500° and 600° C. is accompanied 
by a change in the structure, the martensite being replaced 
by sorbite, consisting of very fine particles of carbide, only 
visible at the highest powers of the microscope, embedded 
in a ground mass of ferrite. In the third range of tempering, 
between 600° and 700° or 800° C., the particles of carbide, 
which have separated out previously, gradually coalesce 
into larger globules. Such a fully tempered sample has 
therefore the structure shown in Fig. 14. 

If the heating of the hardened and tempered sample is 
continued to still higher temperatures, the same se<iucnce 
of events as was described on page 42, takes place again. 
The Ac.l point occurs at about 800° C., austenite is again 
formed, part of the carbide goes into solution while the 
remainder gradually dissolves as the temperature rises 
above this point. Similarly the hardness of quenched 
samples increases with increase in quenching temperature as 
indicated in the right hand part of curve A in Fig. 13. The 
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structure of such a sample quenched at 900° C. is shown ii 
Fig. 15, and this may be regarded as typical, of jfhe* normal 
structure of hardened stainless steel. \ 

Effect of Rate of Cooling on Hardness aiu Micro- 
structure. Several references have already been made to 
the effdet of comparatively large amounts of chromium in 
inducing in steel the property of air hardening. It may be 
advantageous to consider this in a little more detail. It is a 
matter of general knowledge that if a piece of ordinary 
carbon tool steel is rapidly quenched in water from a suitable 
temperature, it is hardened. If quenched from the same 
temperature in oil, or other medium giving a slower rate of 
cooling than water, it is less hard while if cooled at the still 
slower rate obtained by allowing a small sample to cool 
freely in the air, it is much softer. These results suggest 
that there is a distinct (‘onnection between the rate of 
cooling of a sample and the degree of hardness produced in 
it, and also that in order to harden ordinary carbon steel a 
very rapid rate of cooling is necessary. That this is the case 
is familiar to the smith, who knows that if he quenclu^s in 
water, from a good hardening temperature, a piece of carbon 
tool steel in the form of a bar about half an inch in diameter, 
it will be hardened throughout and will break with a fine 
even fracture. If, however, he similarly quenches from the 
same temperature a larger sized bar, e.g., one and a half inches^ 
in diameter, of the same steel, this will not harden to the 
centre but in breaking will show a soft core. 

If the hardening experiment, using the different rates 
of cooling given by water, oil and air quenching, be repeated 
with a steel containing the same amount of carbon as before 
and in addition 1-5 or 2 per cent, of chromium, it will be 
found that, although the bar cooled in air is comparatively 
soft, both the one quenched in oil and that quenched in water 
are as hard as the w^ater-quenched bar of ordinary carbon 
steel. This suggests that the presence of the chromium 
has allowed the steel to harden at a slower rate of 
cooling. Chromium has this action and to an extent 
which increases with the amount of this element 
present, so that w'ith such a high percentage of chromium 
as is contained in stainless steel, the changes which 
should occur on cooling the steel from a hardening heat 
are retarded to such an extent that the steel hardens 
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when air-cooled from such a temperature. The hardness 
so produced in stainless steels, however, is not independent 
of the rate of cooling ; variations in this rate effect similar 
changes to those p*roduccd by different rates of cooling in 
ordinary steels, but the actual values of the rates necessary 
to give similar effects in the two types of steel are* widely 
different. As with ordinary steel, sc with stainless steel, 
there is a fairly definite rate of cooling which must be 
exceeded to bring about hardening. This rate, however, 
varies with the composition of the steel and also, in any given 
steel, with the temperature from which it is cooled. The 
higher this temperature is above the Ac.l point, the slower 
the rate at which the steel may be cooled and yet be hardened. 
This is illustrated in Fig. 18, which represents the Brinell 
hardness numbers obtained from samples of a stainless steel, 
of approximately cuteetoid composition, after being cooled 
at different rates from 860^ and 1,200'^ C., respc^ctively, ^ 
the rate of cooling being measured by the time taken to cool 
over the range 850° to 550° C.* The curves in this diagram 
show that, to obtain a Brinell hardness number of at least 
400 in the steel tested, the cooling time should not exceed 
about two minutes when cooled from 800° C., but may 
reach 60 minutes when the maximum temperature is 1,200° C. 
With slower rates of cooling than these, the steel becomes 
progressively softer until the completely annealed condition 
is obtained, in which state the steel corresponds to the 
normalised condition of ordinary carbon steels. The 
rates of cooling necessary to harden or to anneal any particular 
steel depend on its carbon and chromium content, and are 
also materially affected by the content of other elements 
present, notably nickel. The rate at which a steel must be 
cooled in order to anneal it completely is slower the higher 
the chromium and nickel content ; on the other hand, high 
carbon alloys are more easily annealed than those of lower 

* The range 850° to 550° C. was adopted for taking the cooling rates in these 
experiments largely from the point of view of convenience. Actually, however, 
it is found by experiment that this interval of temperature includes practically 
all the range in which the .4^.1 point in stainless steel takes place on slow cooling, 
and that providing this range of temperature is passed through at the requisite 
rate, the speed of cooling below 550® C, or m any case 500° C, does not materially 
affect the hardness p^oducc^d. To give some concrete idea of the meaning of the 
rates of cooling given in Figure IS it should be mentioned that a bar three-quarters 
of £tn inch in diameter on cooling f!*eely in the air occupies about IJ minutes in 
passing through the range 850° to 550° C, providing no evolution of" heat occun 
in the sample itself. 
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carbon, but otherwise of similar composition, i.e., they 
anneal at faster rates of cooling. 



Minutes 

Fiq 18. Effect of varying rates of cooling on the Brinell hardness number 
of stainless steel when cooled from 860°C. (curve A) and 1,200®C. (curve B). 

The actual microstructure obtained on annealing 
stainless steel also depends on the maximum temperature 
to which the steel was heated prior to the slow cooling. If 
this temperature was suflRciently high to dissolve all the 
carbide, a pearlitic structure, practically indistinguishable 
from that of ordinary carbon steel and similar to Figs. 2 and 8, 
is obtained on complete annealing. For the production of 
such a structure a very slow rate of cooling is necessary, as 
will be evident from Fig. 18. With rates of cooling from 
this temperature, intermediate between this and that 
necessary to harden the sample (that is, rates of cooling 
such as would give Brinell hardness numbers between 
400 and 200, see Fig. 18), the structure consists of mixtures 
of martensite and finer or coarser forms of pearlite. The 
sequence of struct\iral changes obtained in this range of 
cooling rates may best be illustrated by considering a rate 
of cooling just sufficient to harden the sample completely. 
As the cooling rate becomes gradually slower than this, 
the structure which, in the fully hardened sample, consisted 
entirely of martensite, now begins to show small areas 
which etch very rapidly and appear under the microscope 
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as black structureless masses. These areas are known as 
troostite ,• they consist of a mixture of iron and carbide of 
iron, similar to pearlite, but in which the separate particles 
are so small as to' be indistinguishable separately at the 
highest powers of the microscope. As the rate of cooling 
becomes still slower, the amount of troostite increases, the 
hardness correspcxndingly decreasing, until the whole mass 
consists of this constituent, and then with still slower 
rates the particles of carbide and of iron in the troostite 
get coarser and coarser till, linally, well-developed laminated 
pearlite is obtained. The progression of structure from 
martensite to pearlite is therefore precisely similar to that 
obtained on varying the cooling rates for ordinary carbon 
steel, except that the rates for producing similar structures 
in the two stcefs arc widely different. Fig. IG sliows a 
structure consisting of martensite and troostite ; the sample 
from which this was taken had a Brirndl hardness number 
of 3G4. 

If, however, the steel is cooled more or less slowly 
from temperatures above the Ac. 1 point but insudicicntly 
high to dissolve all the carbide, the microstructures obtained 
differ from those described in the last paragraph. It has 
been shown on page 42 that wlicn stainless steel is quenched 
from any temperature in this range, the structure consists of 
particles of carbide distributed in a ground mass of martensite 
(see Figs. 9, 10, and 15). With somewhat slower rates of cooling 
than that necessary to harden the steel from this range of 
temperature (that is, corresponding to about 5 to 12 minutes, 
curve A, Fig. 18), the background etches darker and the 
structure looks confused but no real appearance of troostite 
is produced, such as is obtained on cooling from high 
temperatures. Finally, with still slower rates of cooling one 
obtains a completely annealed material having a granular 
structure, such as is shown in Fig. 17, which is very similar 
to that produced by hardening and fully tempering the steel 
except that the grains of carbide arc considerably larger in 
the annealed sample than in the other ; this will be evident 
on comparing Figs. 14 and 17. 

It is possible, however, to obtain with these semi- 
annealed samples some interesting etching figures with 
tlie 5 per cent, solution o^ picric acid in alcohol which is 
generally used for the microscopical etching of samples of 



50 


STAINLESS IRON AND STEEL 


ordinary steel. This reagent has praetically no effect on 
sections of stainless steel which have been hardened or 
hardened and tempered. If, however, samples cooled at 
the intermediate rates described in the’ last paragraph are 
etched with picric acid an appearance of troostite it' produced. 
Thus Fig. 19 shows at a medium magnification a sample 

cooled from 860“ C. at a rate of 9 minutes, and having 

a Brinell hardness number of 245, after etching with picric 
acid ; the appearance strongly suggests a mixture of 
martensite and troostite. If, however, such samples are 
examined under the highest powers of the microscope 
it will be seen that the patches are not troostite 

but groups of carbide granules, as shown in Fig, 20. 

A probable explanation of the appearance shown in Fig. 19 
is that the darker parts of the section are more readily 
attacked than the rest by the weak picric acid because 
they are the initial decomposition centres of the 
martensite. 

If samples slowly cooled from high temperatures, and 
consisting of mixtures of martensite and troostite (e.g., 
similar to Fig. 16) are etched with picric acid, the troostite 
is distinctly etched while the martensite remains quite 
unattacked. If such a sample be subsequently tempered at 
about 700“C . (so as to give in the martensite areas a structure 
similar to Fig. 14) and then etched with picric acid, agaiq 
only the troostite areas arc etched. The areas having the 
hardened and tempered structure, which were formed from 
the martensite existing before tempering, remain quite 
white. These results with picric acid etching have an 
interesting bearing on the relative resistance to corrosion 
of annealed and hardened and tempered samples of the 
steel ; they will be referred to later. 

Influence of Carbon Content on Micro-structure. 
Having discussed the changes occurring in a stainless 
steel containing about 12 per cent, chromium and of 
approximately eutectoid composition, the influence of varying 
carbon content on such a steel may next be considered. 

When annealed at high temperatures, 1,000“ C. and 
upwards, steels with lower carbon content than eutectoid 
composition consist of mixtures of ferrite and pearlite 
similar to those of ordinary mild ‘steels, except thattherd is 
a distinct tendency for the ferrite in the high chromium 
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steels to contain isolated globules and laminae of carbide. 
This is illustrated in Fig. 21, which represents the structure 
of a steel with 0*15 per cent, carbon slowly cooled from 
1,050° C. The carbide particles can also l>e seen in Fig. 3, 
which shq^’s the same steel at a lower magnification. It 
will* be noted that the pearlite areas in this Sample 
occupy about ha]/ the field, as would be ex[K‘eted, Ix^cause 
the carbon content of the steel is about half that of 
the pearlite in stainless st(‘el. When the ciirbon is reduced 
to the limits generally found in stainless iron. 0*1() per cent, 
or less, the carbide in the pearlite t(‘nds to ball up so that 
such low carbon material, w'hcn annealed from high tem- 
peratures, often consists of ferrite grains with globules of 
carbide tending to form a* network round them. A typical 
example is shoWn in Fig. 22. On the other hand, wdien 
such hypocutectoid steels are air-cooled or q)U‘ncluHl in 
water or oil from high temperatures, tliey consist entirely of 
martensite unless the c'arbon is very low, when frc’C ferrite 
may also be prestait, more particularly in air-cooled samples. 
The presence or abseiu*e of ferrite is also materially innuenced 
by the composition of the steel a})art from chromium and 
carbon ; thus low carbon material containing comparatively 
large amounts of silicon is more likely to contain fcrritii tiian 
a steel low in silicon but otherwise similar in analysis, when 
jDotli arc treated in tlu* same way ; nickel acts in the opposite 
manner. 

On tempering hardened samples of the low carbon 
alloys, the Brinell hardness number falls in a manner similar 
to that of the higher carbon steel, as shown in curve C, 
Fig. 13. On passing the carbon change point, the carbide in 
the pearlite also behaves in the same way as that in eutectoid 
steel ; that is, part of it dissolves at the actual absorption 
of heat and the remainder as the temperature rises above 
this. The temperature required for complete solution of 
the carbide under ordinary conditions of heating, e.g,, soaking 
for 30 to 60 minutes at the maximum temperature, depends 
to some extent on the previous distribution of the carbide ; 
if the latter be evenly distributed, as occurs when a previously 
fully hardened sample, consisting entirely of martensite, is 
reheated, complete solution is obtained somewhat earlier 
than if the same steel had l^ecn previously annealed so as to 
give a structure of ferrite and pearlite. This difference is 
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unckTstandable from the very slow rate of diffusion of the 
carbon in siicli high clirornium steel, and the greater distance 
which the carl)idc has to diffuse in the case of the sample 
with the ferrite and pearlite structure. * The persistence of 
the carbide j)articles may be illustrated by Fig.\23, which 
is taken from a small disc, six mm. thick, of sted, hi^-Ving 
initially the structure shown in Fig. 21, after reheating for 
onc‘ hour at 900° C., followed by (juenching in water. Even 
in ('xtremely mild steels, with 0*10 per cent, carbon or less, 
carbide may be detected in samples quenched 50° to 100° C. 
above the carbon change point. 

The Ac.3 line for these steels, representing the tem- 
perjiture of the complete solution of the free ferrite on 
heating, has not yet been worked out ; its position appears 
to alter quite considerably with variations in the content 
of silicon, manganese and nickel, small but variable amounts 
of which are almost always found in stainless material. 
T1 k‘ ferrite, however, is gradually dissolved as the temperature 
rises above the Ac.l ])oint. Figs. 25 and 26 show the 
structure of small samples of steel containing 0*09 per cent, 
carbon and 12*3 per cent, chromium after quenching from 
825° and 875°C., respectively, and illustrate the gradual 
solution of the ferrite. When (quenched from still higher 
temperatures, the structure became entirely martensitic. 
Further structural changes in low carbon steels may take, 
place at very high temperatures, e.g., 1300° C. and upwards ; 
tlu'se will be referred to later. 

After hardening and then tempering between 600° and 
750° C., low carbon alloys consist- of ferrite with particles of 
carbide more or less evenly distributed — sec Fig. 21. When 
annealed from temperatures just above the Ac.l point, 
they consist of ferrite and rather coarse granules of carbide, 
similar to those in Fig. 17, but less in number, the distribution 
of the granules depending to some extent on the previous 
history of the sample. 

Stainless steels of hypereutectoid composition behave 
in a manner analogous to ordinary high carbon steels. The 
excess carbide gradually dissolves after the eutectoid carbide 
has been taken into solution. In th .5 paper previously 
referred to,* the author traced out the solubility line of the 
free carbide in a steel containing *11*2 per cent, chromiuii} ; 

♦ J.LSJ., 1920, T, p. 493. 
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the results obtained are reproduecd in Fig. 27, from which 
it will be seen that in such a steel, the carbide corresponding 
to 0-35 per cent! carbon, is dissolved at 1,000° C.. to O-tS per 
cent, at 1,100° C. q,nd to 0-9 per cent, at 1,200° C. As with 



Fio 27. Solubility of free carbide in stainless steel (11-2 per cent, 
chromium) at high ternporat tires. 

the solution of the eutceloid carbide, there is probably 
a considerable “time element'’ in the solubility of the 
excess carbide. The figures given refer to experinu'uts in 
which the samples were held at the indicated temperature 
for luilf-aii-liour. With consideralily longer periods of 
•soaking, the amounts of (*arbou dissolved at any temperature 
would probably b(* somewhat greater. 

Stainless Steels with High Carbon Content. Steels 
with about V2 per cent, chromium which have a relatively high 
carbon content, e.g,, 0-8 to 1 per cent., can perhaps hardly 
be referred to as ordinary types of stainless steel because, as 
will be seen later, their resistance to corrosion is considerablv 
less than that of steel with lower carbon content but otherwise 
similar in analysis. They are, however, of eonsiderable interest 
theoretically and as their properties show in a somewhat 
exaggerated form tint effects, not always advantageous, of 
using a higher carbon content than is normally present in 
stainless steel, it may not be out of place to consider them 
briefly. Such steels contain very large amounts of free 
carbide and as this is only taken completely into solution 
at very liigh temperatures, if at all, their heat treatment, 
especially as regards refining a coarse structure, presents 
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obvious difficulties. Owing to the presence of this large 
amount of carbide, they are not particularly soft even when 
fully tempered. Such high carbon steels are also very 
easily burnt, owing to the fact that they, commence to melt 
at lower temperatures than many other steels however, 
the characteristic structure of such burnt steel, shpwin^the 
presence of large amounts of partially meltpa Hiifterial 
having a characteristic dotted eutectic structure as shown 
in Fig. 31, makes the diagnosing, in “ post mortem ” examina- 
tions, of the trouble arising from this, comparatively easy, j 
These steels are also much harder to forge than the lower 
carbon steels and as the reheating temperature may not be 
raised unduly, owing to the danger of burning, the hot 
working of such steel is, therefore, much more difficult than 
that of the lower carbon steels. 

From a theoretical point of view, however, their most 
interesting feature lies in the fact that when quenched 
from very high temperatures, 1,200® C. or thereabouts, they 
do not harden, owing to the fact that the austenite which 
exists at these high temperatures is retained as such on 
quenching and does not change into martensite. During 
the quenching of ordinary steels or of the lower carbon 
varieties of stainless steel, the changes which would normally 
occur at the Ar. 1 point during slower cooling are not entirely 
suppressed, though the separation of the carbide of iron 
and of the iron into microscopically visible particles is, of* 
course, entirely prevented. The part of the change which 
still occurs, in spite of the utmost rapidity of quenching, 
concerns the iron itself. The power which the iron in the 
pearlite acquires, when heated to the Ac.l point, of dissolving 
the alternate lamellae of carbide, is due to a rearrangement 
in its own crystalline structure. Carbon is almost completely 
insoluble in the ordinary form of iron existing at atmospheric 
temperat\ires, but with the change in its crystalline structure, 
which takes place when austenite is formed, iron acquires 
the power of dissolving a limited amount of carbon. 
There are other differences in the physical properties of the 
two forms of iron ; thus the ordinary low temperature 
variety, which for convenience is designated a-iron, is 
strongly magnetic, while the high temperature type, known 
as 7 -iron, is practically non-magnetic. During the slow 
cooling of ordinary steel, or of stainless steel, the Ar.l point 
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mai'ks the change of the 7-iron of the austenite to a-iron 
with the coincident precipitation from solution of carbide 
of iron. * By rapidly quenching the stainless steels considered 
up to now, the precipitation of the carbide is prevented but, 
as with ordinary carbon steels, the change of the 7-iron to 
«-b;on cannot be suppressed and, under such conditions, this 
part change takes place at about 300° C., leading to 

the productfen of martensite, which incidentally is magnetic, 
from the austenite. In pure iron the change from the 
gamma form to the alpha occurs at about 900° C., and 
in such material it is not possible, even by the most rapid 
quenching, to prevent this change taking place. In the 
presence of carbon, the 7-form containing this element 
in solution remains stable down to the Ar.l point at 
about 700° C. on slow cooling and is retained to still lower 
temperatures on quenching. The presence of chromium in 
the steel lessens still further the tendency of the 7-iron to 
change to the a-form on cooling, so that when both chromium 
and carbon are present in sufficient amounts in solution in 
the iron, the stability of the 7-form is increased to such an 
extent that it may be preserved unchanged during cooling to 
ordinary temperatures. Other alloying metals, e.g., nickel 
and manganese, have similar effects on the structural changes 
occurring in steel and hence, when present in sufficient 
amount in the latter, allow the austenite existing at high 
• temperatures to be retained unchanged down to atmospheric 
temperature. 

The austenite so produced has properties which are in 
many respects the same, no matter whether its retention 
at room temperatures be due to the presence of chromium, 
nickel or manganese or to combinations of them ; these 
properties are moreover vastly different from those of 
martensite. The latter constituent is intensely hard, ha-ving 
a Brinell number of the order of 700, and more or less brittle. 
It is magnetic and has a co-efficient of expansion not greatly 
different from that of ordinary annealed steels in which the 
dominating constituent is pearlite. Austenite, on the other 
hand, is quite soft ; its Brinell number may be well below 
200, but it often hardens very rapidly when cold-worked, so 
much so that in some cases it is machinable only with the 
greatest difficulty. Th^ well-known ‘‘ manganese steel,’’ 
which contains twelve or fourteen per cent, of that metal 
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and is so frequently used for purposes such as tramway 
crossings on account of its great resistance to wear, is an 
example of an austenitic alloy which is commercialljr almost 
unmachinable. Austenite has a comparatively low yield 
point, often only about ten or twelve tons *per square inch ; it 
is also non-magnetic and frequently has a co-efficien^ of 
expansion about fifty per cent, greater than that o^oidinary 
steel. • ^ 

In order that austenite may be retained unchanged on 
cooling these high carbon chromium steels, both the 
chromium and carbon must be in solution in the iron 
and this only occurs when the steel containing them is 
heated to high temperatures ; hence when such steels 
are quenched from a series of gradually increasing 
temperatures above Ac.l, they at first gradually get harder, 
reaching Brinell hardness numbers of 600 and upwards 
when quenched from about 1,000° C. The structure of 



7ocf aoo" aoo® looo® iioo® isoo* 
Quenchinq Temperature. 

Fio. 32. Brinell hardness numbers obtained on quenching steel 
containing 0*96 per cent, carbon and 13*1 per cent, chromiazn from the 
temperatures indicated. 


such quenched samples consists of martensite together 
with large amounts of free carbijle. When, however, the 
quenching temperature reaches a figure which is generally 
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between 1,100® and 1,200® C., the Brinell liardness number 
of the quenched sample suddenly falls to quite a low figure. 
The sample also acquires a characteristic microstructure 
and, in addition, is found to be non-magnetic. The hardness 
numbers obtained by quenching such a steel, containing 
0*^jS per# cent, carbon and 13-1 per cent, chromium, from 
a series of temperatures are plotted in Fig. 32 and enable 
one to visualise ’the striking changes in the hardness value 
which are produced as the quenching temperature of such 
a steel is raised. 

The carbon content required to retain austenite in a 
quenched sample varies with the amount of chromium present 
in the steel ; with about 12 or 13 per cent, of the latter, 
however, the martensite in a specimen quenched from 1,200®C. 
will be partially replaced by austenite when the carbon 
reaches about 0*5 per cent, and the steel will be completely 
austenitic, after a like treatment, with 0*7 per cent, carbon 
or more. 



Fio. 33. Biineli hardness numl>ers obtained after tempering steel 
containing I’Ol per cent, carbon and 11*8 per cent, chromium. 

Curve A — Samples previously quenched from 1,200®C* 

Curve B „ „ „ „ 1,000®C. 

A further point of interest with such austenitic steels 
lies in their behaviour on tempering. No appreciable effect 
is produced until the teqipering temperature reaches al>out 
5*50® to 600® C. At this temperature, the change from 
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austenite to martensite, which was suppressed when the 
material was quenched from 1,200® C., now takes place and, 
consequently, the material hardens when so tempered. 
Thus curve A in Fig. 38 represents thQ Brinell hardness 
numbers of samples of such a steel after tempering at gradually 
increasing temperatures and makes evident the very* material 
increase in hardness obtained after tempering at" about 
600® C. The structure of such “ hardened samples consists 
of martensite, though generally this is accompanied by more 
or less troostite because the martensite formed by the 
tempering operation is itself very easily changed, as will be 
apparent from the rapid fall in hardness which occurs when 
the tempering temperature is raised somewhat higher (see 
Fig. 38). 

On the other hand, when these high carbon steels are 
quenched from lower temperatures, e.g., 1,000® C. or there- 
abouts, giving Brinell hardness numbers of 600 or so, they 
consist of martensite, together with free carbide, and, on 
tempering, behave in a similar manner to the lower carbon 
steels. This is illustrated by curve B in Fig. 83, which was 
obtained from the same steel as curve A, but the samples 
had been previously quenched from 1,000° C. instead of 
1,200® C. A comparison of these two curves also illustrates 
another effect of varying quenching temperature on stainless 
steel. It will be noticed that the samples quenched from 
1,200® C, are harder than those quenched from 1,000® C. 
when both are tempered at temperatures above 600® C. 
This manifestation of a type of “ red-hardness ” is frequently 
produced in all high chromium steels ; it will be referred to 
later in connection with the mechanical properties of the steel. 

As typical photographs of such high carbon steels, 
Figs. 28, 29, and 80 are included Fig. 28 represents the 
structure of a steel containing l-Ol per cent, carbon and 
11*8 per cent, chromium, when hardened and fully tempered 
(Brinell hardness number 241), and illustrates the large 
amount of carbide in such a steel ; the same steel quenched 
at 1,000® C. had a Brinell hardness number of 627 and the 
structure shown in Fig. 29 ; even at this temperature there 
is much carbide remaining undissolved. The importance of 
the effect of this carbide on the resistance of such material 
•to corrosion will be indicated later. Fig. 80, is typical qf 
the appearance of the constituent austenite in these steels. 
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' High Chromium Ildns and Steels. The data 
given in the preceding pages refer to material containing 
about per cent, chromium. It was logical to commence 
the metallographi^l study of stainless steels by considoing 
material of this composition because the first stainless steels 
used were of this type. It was also convenient, because the 
structural characteristics of steels containing this amount 
of chromium aife simpler than those of higher chromium 
steels. 

As the chromium content is raised, and particularly 
when it exceeds about 14 per cent., the properties of 
the material change in certain directions, the most important 
of the changes having reference to hardening capacity. 
Thus a higher quenching temperature is necessary to harden 



Ko. 34. Brinell hardness numbers of high chromium stainless irons after 
water quenching from the temperatures indicated. 
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QUENCHING TEMPERATURE 


Fio. 35. BrineU hardness numbers of high chromium steels containing 
about 0*25% carbon after quenching from the temperatures indicated. 
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the steel, as would be expected from the general effect of 
chromium in raising the temperature at which the Ac.l. 
change occurs and in retarding the solution of the carbide 
in the steel ; at the same time, the capacity of the material 
for hardening diminishes very markedly so that eventually, 
with a sufficiently high chromium content, the increase in 
hardness obtainable by quenching the steel in water from 
any available temperature becomes very small, even when 
as much as one per cent, carbon is also present. The effect 
of any given content of chromium varies with the amount 
of carbon in the steel, the lower carbon stainless irons 
losing their hardening power with a lower chromium content 
than the higher carbon steels. is illustrated by the 

curves given in Figs. 84 to 87, which show the Brinell 
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hardness numbers of small samples of steels, containing 
various \amoun4:s of chromium and carbon, after they 
had been quenched in water from different temperatures. 
The curves in Fig.* 84 relate to low carbon steels and indicate 
the marked falling off in the hardening capacity of such 
material when the chromium exceeds 14 per cent. * 



Fig. 30. Brinell hardness numbers of high chromium steels containing 
about 0*5% carbon after quenching from the temj)eratureH indicated. 
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In Fig. 35,* the results obtained from steels containing 
about 0*25 per cent, carbon are plotted ; those marked G 
and H may be compared with D and E in Fig. 34 when the 

* * Curves K, L, N, R, S and T in Figs. 36 — 37 ace founded on datji given 

by Kalling. (“ The Austenatic Range in Chromium Steels.” Jenikont 
Ann. 1927, p. 609.) 
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influence of the higher carbon content of the first two will 
be obvious. The remaining steels dealt with in^g. 85^ 
those containing 20 per cent, or more chromiuci, harden 
to a negligible amount only. A rather higher carbon content 
gives the results in Fig. 86. Steel M hardens intensely when 
quenched from 950°/1100®C. ; the rapid fall in the hardness 
when still higher temperatures are used is du^ to the retention 
of austenite in the quenched sample. Raising the chromium 
to 22*1 per cent, (curve N) reduces the maximum hardness 



Fio. 37. BrineU hardness numbers of high chromium steels containing 
more than 0*7% carbon after quenching from the temperatures indicated. 
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attained to 300. while steel O, containing 23 per cent, 
chromium, only,^ reaches a figure of 228. 

Fig. \7 sh^s that a similar state of affairs exists in 
steels of stitVJ^^igher carbon content. Steel P (0*87 per cent, 
carbon, 17*6 pericent. chromium) behaves similarly to steel M ; 
RT[0*8 per cent; carbon, 22*4 per cent, chromium) reaches a 
hardness of aboujb 375. Increasing the chromium to 24*7 per 
cent, lowers the maximum hardness attained to about 280 
(curve S) ; the two higher chromium steels T and U reach 
about the same hardness value but at considerably higher 
temperatures. Curve X, however, indicates that intense 
hardening is produced at about 1000*^ C. in sUch very high 
chromium material if considerably more carbon is present. 

A striking feature of the curves for the low carbon irons, 
plotted in Fig. 34, is that in all cases the Brinell hardness 
numbers rise to a maximum and then fall again as higher and 
higher quenching temperatures are used. This fall in hard- 
ness is not due to the retention of austenite in the quenched 
sample, the cause of the similar but more pronounced effect 
produced in some of the high carbon steels (sec Figs. 36 and 
37 ) but to the progressive separation of ferrite. The 
structural changes produced in the sample whose hardness 
values are plotted in curve A, Fig. 34, on quenching from 
temperatures up to 950°C. have already been described. 
Quenched from 825°C., the sample consisted of martensite 
* and ferrite (see Fig. 25) and the amount of ferrite gradually 
decreased as the quenching temperature rose, see Fig. 26. 
The piece quenched from 950°C. consisted wholly of marten- 
site, as did all the succeeding pieces quenched up to and 
including 1,150X. After quenching from 1,200°C., ferrite 
was again present and its amount increased as the tempera- 
ture rose to 1,250®C. and to 1,800°C. 

The 14 per cent, chromium iron, curve B, exhibited a 
similar solution and reprecipitation of ferrite but with a 
notable difference ; in no case was a structure perfectly free 
from ferrite produced. The minimum amount of this 
constituent was obtained in the samples quenched from 
IjOOO^C. and 1,050®C., and in these it formed only a very 
small proportion of the whole. There was noticeably more 
in that quenched from 1,100°C. and the amount increased 
progressively with still hi^er quenching temperatures. The 
sequence of structural changes occurring in this iron are 
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illustrated in Figs. 38 to 43. These a^sr show a further 
peculiarity of high chromium irons. Aj^. the maenching 
temperature rises to 1,250°/1,300°C., the gkain sfoe of the 
quenched sample gradually increases, as^ mi^kf have been 
predicted (one should note in this conne(*s^on the higher 
magnififeation of Figs, 38 and 39 as compared with the others), 
but at 1,340°C. the structure becomes excessively coarse 
and also different in character from that previously found. 
In all the samples quenched below this temperature, the 
banded arrangement of the original bar was quite evident — 
the samples were polished and eflcamined on a plane parallel 
to the length of the bar — but in that quenched at 1,340°C,, 
this banding was entirely obliterated and replaced by an 
excessively coarse cellular structipre. 

The production of this coarse structure may be very 
conveniently observed by taper heating a short bar of stain- 
less iron so that one end is raised to the melting point of 
the iron while the other end remains below about 700 °C., and 
then quenching it in water. A bar ^ inch or f inch square 
is a convenient size and, after quenching, one face is machined 
or well ground to remove oxidation effects and then polished 
and etched. Fig. 44 represents, at twenty diameters, the 
structure of such a bar at a point about J inch from the 
melted end ; it shows that the production of the coarse 
structure occurs quite suddenly, as though some internal 
change, such as occurs at Ac.l, had taken place in the 
material. 

If the cooler end of the bar did not reach a higher 
temperature than 700°/750°C. before quenching, one can 
also trace along its length the whole sequence of changes 
occurring in the iron as the latter is heated to, and quenched 
from, higher and higher temperatures. Thus in the bar 
from which Fig. 44 was taken and which contained 15*5 per 
cent, chromium, one could see the production of martensite 
at the Ac.l. change and the gradual solution of the fe^ite 
as the temperature rose above this, giving eventually a 
structure similar to Fig. 45. Still nearer the hotter end of 
the bar, the progressive coarsening of the grain size could be 
observed and also a gradual increase in the amount of ferrite ; 
then came the abrupt change in structure shown in Fig. 44 
and, finally, the continuance of this coarse angular patterh 
up to the melted end of the bar. 
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Influence of chromium 

It may be \pted that a coarse structure like that in 
Fig. 44 was prodijf ^ near the melted end of a bar of stainless 
iron contHining*i0*08 per cent, carbon and 12*5 per cent. 
chromium,^vh Ml treated in this manner; but neither the 
coarse structuiofnor the reprecipitation of ferrite at high 
temperatures wijs observed in a similar test on material 
containing 0*09 per cent, carbon and 9*9 per cent, chromium. 

A sequence* of structural changes similar to those 
described for the 14 per cent, chromium material, was 
obtained from irons containing still more chromium, except 
that these always contained considerable amounts of ferrite, 
no matter from what temperature they were quenched. 
Also the amount of martensite produced after similar treat- 
ment was less, the higher the chromium content. For 
example, Figs. 45 and 46 refer to irons containing 15*5 per 
cent, and 17-2 per cent, chromium respectively, quenched 
in each case from the temperature giving maximum marten- 
site content ; they may be compared with Fig. 40. The 
iron containing 20*8 per cent, chromhim (curve F in Fig. 84) 
was still more preponderatingly ferritic. The same effect 
may also be seen in Figs. 59, 62 and 68 (pages 85 to 87) 
representing the structures of various stainless irons as cast. 
Here the amount of ferrite is considerably greater, for similar 
chromium contents, than in the photographs just described, 
and for reasons which will be evident from the structural 
* changes considered in the last few paragraphs, but again the 
amount increases as the chromium content rises. 

It may also be noted from the curves in Fig. 84 that the 
temperature at which hardening commences rises with 
increase in chromium content, particularly when the latter 
is over sixteen per cent. Also, up to this value, maximum 
hardness is obtained on quenching from temperatures in the 
neighbourhood of 1,000®C. With 17*2 per cent, chromium, 
the corresponding temperature is 1,100®C, The curve for 
the 20*8 per cent, chromium iron also shows a maximum at 
-this temperature, but matters are complicated here by the 
fact that on quenching this material rapidly from still higher 
temperatures, austenite is preserved unchanged. In the 
irons containing up to 17*2 per cent, chromium, maximum 
hardness corresponds in each case to a minimum amount of 
ferrite (and maximum of martensite) in the quenched sample. 
In the 20*8 per cent, material, the sample quenched from 
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1 , 200 ®C. contained least ferrite but it was accompanied by 
austenite instead of martensite and hence hardness value of 
this sample is lower than that of the one queifched af 1 , 100 ®C. 

A detailed description of these geculiar structural 
changes and of their cause would be out ofptece in this book, 
as it Wfmld involve a complicated study of jl;he ternary iron- 
chromium-carbon equilibrium diagram — a diagram not by 
any means completely understood as yet— but it may be 
briefly stated that they are due to the fact that pure iron, 
in addition to the structural changes indicated in Fig/ 7 , 
possesses a further one, occurring at about l, 400 °C.,^at 
which the 7-iron changes to a form, called 8-iron, which is 
structurally the same as a-iron and probably possesses other 
similar characteristics, among them the power of dissolving 
only a very limited amount of carbon. 

Chromium, when added to iron, lowers rapidly the 
temperature at which the change from 7-iron to 8-iron 
occurs. The effect on the temperature of the a to 7 transi- 
tion is not so marked ; probably additions of chromium up 
to 8 per cent, or so lower this temperature to some extent 
but, with still more chromium, it rises at an increasing rate, 
with the result that a perfectly carbonless iron-chromium 
alloy containing about 18 per cent, of the latter metal, would 
have no structural change at all. The temperature of the 
7 — 8 transition would have fallen to such an extent that it 
would have reached the same value as that at which a-iron* 
changes to 7-iron ; hence the latter would cease to exist 
and, as a-iron and 8-iron are structurally identical, no internal 
change would occur during heating or cooling. The exact 
chromium content needed to produce this effect has not yet 
been determined ; Maurer,*** who investigated a series of 
iron-chromium alloys containing not more than 0-03 per 
cent, carbon, placed the disappearance of 7-iron at about 
16 per cent, chromium. E. C. Bain,t however, considers 
that less chromium is required to effect this and places the 
limit at about 18 per cent. More recently, Oberhoffer and 
KreutzerJ have shown, by X-ray examination of the crystal 
structure, that 7-iron is produced up to about 15 per cent. 

* Uober den inneren Aulbau der Chromstable."" Stahl und Eiaen, 1928, 
p. 999, 

' t “ X-rays and Constitaents of Stainless Steel.’* Trans, A.8.S,T.^ Vol. XIV 
(192S), p. 27. ^ 

X Stahl vnd Eisen, Vol. XUX (1929), pp. 189-190. 
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chromium but not beyond that amount. Kinzel**® studied 
the expansion of fine wires, of practically carbon-free material, 
in a special forin of dilatometer and found no evidence of 
phase change when the chromium reached 12*5 per cent. 
Kalling,'!’ as a result of microscopic examination of quenched 
samples of low -carbon alloys, suggests as low a figure as 
10 per. cent, for the disappearance of austenite from carbonless 
alloys. There is not as good agreement as might be wished 
between the values obtained by the various investigators, 
but in the present state of knowledge, a mean value of about 
13 per cent, (or possibly somewhat lower) would appear to be 
reasonably correct and this value has been adopted in Fig. 47, 
which represents diagramatically the effect of chromium on 
the A3 and A 4 change points of iron. 



Fig. 47. Effect of Chromium on the range of existence of y-iron. 

The range of existence of gamma iron, though it may 
appear perhaps to be a rather abstruse question, is actually 
of the greatest moment in the engineering application of steel. 
The hardening of steel by quenching is made possible entirely 
by the fact that carbon dissolves readily in the gamma form 
of iron but is practically insoluble in any other form. If, 

• “ CriticaJ Pointfl in Ghromium-Xron AUoya.** Tnxns, Am^* InH, Mm, 
and MU. Eng., VoL 76 (1928), p. 2«. 

•f “ The Austenite Range in Chromium Steels.” Jtfnhotd, Ann., 1927, p. 609, 
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owing to the addition of any other metal, the gamma form 
of iron ceases to exist in a particular steel, no appreciable 
solution of carbon can take place and hence ho hardening of 
the steel by quenching is possible. It may not be out of 
place, therefore, to note here that chromium is not alone 
among metals in thus restricting the range; of existence of 
gamma iron ; silicon, aluminium, tungsten and molybdenum 
behave in a precisely similar way, their action being indeed 
more effective than that of chromium. Thus 7 -iron ceases 
to exist in carbonless alloys of iron containing more than 
about 2*2 per cent, silicon, or 4 per cent, molybdenum or 
8 per cent, tungsten. Nickel, on the other hand, greatly 
increases the stability of 7 -iron ; it lowers the temperature 
at which a-iron changes to the gamma form to such an extent 
that the latter becomes the stable form at atmospheric 
temperatures when the nickel content exceeds about 30 
per cent. Manganese and cobalt act in an intermediate way ; 
they do not diminish the range of existence of 7 -iron nor do 
they noticeably increase it. Interesting conclusions may be 
drawn from these facts ; it may be expected that the addition 
of nickel will notably improve the hardening of high chromium 
irons but that silicon, aluminium, tungsten, and molybdenum 
will have no such action ; on the contrary, these metals will 
most likely emphasise the effects of high chromium content 
which have just been noted. The intermediate group, 
manganese and cobalt, are not likely to have much effect, one 
wiiy or the other. It will be shewn in a later chapter that 
these expectations are realised in practice. 

Returning now to the iron-chromium alloys, if these 
contain carbon as w^ell, even in small amounts, the action 
of chromium in preventing the formation of 7 -iron is delayed. 
Hence in such alloys, containing over 18 per cent, chromium, 
a certain amount of austenite is formed, depending on the 
carbon content, and the alloy hardens to an extent which, 
with any given carbon content, diminishes as the amount of 
chromium in the alloy rises. 

Similarly the hardening capacity of alloys containing 
equal amounts of chromium, above 18 per cent., increases 
with their carbon content. This may be observed by noting the 
curves in Figs. 84 to 37 relating to irons and steels of various 
compositions and comparing those of like carbon or 
chromium content. 
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The structural changes occurring in these high chromium 
steels and irons may be indicated in a qualitative, rather than 
a quantitative manner by Figs. 48 and 49. The former 
shows at what temperatures this special form, ^-iron, is 
produced in ordinary steel. In the lower part of this diagram^ 
the structural , changes previously described are. plotted. 
Above the lines ABE, the steels consist of austenite, the 
solution of carbon in 7 -iron. The line EF represents the 



beginning of melting while G marks the temperature at 
which pure 7 -iron changes to S-iron. The temperature at 
which this change occurs is raised very rapidly by even small 
amounts of carbon ; this is indicated by the very steep slope 
of the line GF. Above this line, in the area FGH, the steel 
consists of a mixture of 7 - and S-iron, just as in area ABC 
there is a mixture of a- and 7 -iron. To the left of GH — in the 
area GHJ — all the iron exists in the S condition, and the 
diagram shows that such iron can only dissolve rather less 
than 0*1 per cent, carbon. Finally the line JHFE marks the 
beginning of melting, which is complete by the time the steel 
reaches the temperature corresponding to line JKL. The 
line ACX indicates that ferrite dissolves a small quantity of 
•carbon, probably not mere than 0-08 per cent, at 700°C., and 
the amount decreases at lower temperatures. 
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It will be obvious that S-iron is of very little importance 
in ordinary carbon steels ; it is not formed if the carbon 
content of the steel exceeds about 0*2 per cent, and,* in Steels 
with less than this amount, only at temperatures between 
about 1,400® and 1,500®C. The effect of chromium on these 
somewhat complex changes is not known in .sufficient detail 
to enable one to draw with certainty corresponding diagrams 
for iron-chromium alloys containing, for example, 10, 15 or 20 
per cent, chromium, but broadly speaking, the changes in 
steel containing about 18 per cent, chromium and up to 1*0 
per cent, carbon follow the lines in Fig. 49, these being 
lettered to correspond with those in Fig. 48. 



Pio. 48. Effect of 13 per cent, ohromium on the iron-carbon diagram. 

. This diagram of course summarises much of what has 
been discussed earlier in this chapter; for example, the 
rairang of the temperature at which the Ac.l. change occurs 
and the reduction of the carbon content of pearlite — ^the 
eutectoid point B — from 0*9 per cent, to about 0*8 per cent. 
But it also shows that the range of existence of S-iron is 
enormously increased as a result of the addition of chromium. 
Following what has been said in the last few paragraphs, the 
diagram indicates that a carbonless alloy containing 18 pec 
c«it. chromium possesses no 'y-iron range at all, but 
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the addition of carbon results in the formation of 
austenite. With only 0*1 per cent, carbon, or thereabouts, 
the range of temperature in which austenite exists alone is 
not very wide and as soon as the line GF is reached at about 
1,100®C., S-iron begins to separate out. The amount of the 
latter increases steadily until at 1,300°/1,350°C., line GH, 
austenite disappears, the whole mass becoming a solution of 
carbon in S-iron. As regards lower temperatures, the 
position of ACX indicates that the solubility of carbon in 
ferrite at 800®C. or lower is not appreciably increased by the 
presence of 13 per cent, chromium. 

The reader, on comparing this summary of structural 
changes with the series of photographs in Figs. 38 to 48 will 
notice some discrepancy between the description and the 
photographed structures. Thus the sample quenched at 
ld40°C. contains a marked amount of martensite instead of 
consisting solely of a solution of carbon in S-iron ; on the 
other hand, there is a distinct amount of ferrite visible in 
the sample quenched at 1,050°C. in addition to the marten- 
site of which it should consist entirely, if Fig. 49 be correct. 
With regard to the samples quenched from high temperatures 
and having the coarse cellular structures pictured in Figs. 
43 and 44, it is very probable, practically certain in fact, that 
the martensite visible in these structures has been formed 
from austenite which has separated out during quenching, 
despite the rapidity of the latter. It will be noted that the 
martensite exists as a network round the grains of the ferrite 
and as barbs crossing the latter. This mode of occurrence 
is typical of material which has separated out of a solution 
during rapid cooling ; for example, when ordinary mild steel 
is’cooled from above Ac.8. at a rate not quite fast enough to 
retain the whole of the ferrite in solution, a certain amount 
of this constituent separates out in a similar fashion to the 
martensite in Fig. 43. It would be very difficult to account 
for the difference in structural pattern between Figs. 42 and 
43 unless it is assumed that the martensite in the latter had 
been formed from austenite which had ceased to exist at the 
higher temperature (1, 340^^0.) but had formed again on 
cooling therefrom. 

The impossibility of obtaining a sufficiently rapid rate 
of cooling by water quenching small pieces is also largely the 
cause of the presence of some free ferrite in Fig. 40, A 
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contributory cause in this case may very probably be found 
in the difficulty of obtaining a perfectly homogeneous austenite 
in these steels at temperatures of 1,050®C. or so, JJo doubt 
at these temperatures the whole mass consists of austenite, 
i.e., a solution of carbon in y-iron, but, owing to the slow rate 
at which the carbon diffuses in the steel, this austenite 
consists*of bands alternately higher and loweV in carbon than 
the average and it is at the points of lowest carbon con- 
centration that the ferrite grains form, despite the rapidity 
of the quenching. Further reference to this banded structure 
will be found later (see pages 86, ei seq,). 

The line GF in Fig. 49 has been drawn as a dotted line 
over a large part of its course because sufficient data is not 
available to determine its exact position, particularly with 
regard to the maximum carbon content at which S-iron is 
produced. The author has however noted the occurrence 
of a small amount of free ferrite in a steel containing 14-8 
per cent, chromium and 0*24 per cent, carbon when quenched 
from a temperature just short of melting ; some S-iron must 
therefore have been present at this temperature. 

The position of the line GH in Fig. 49, as compared with 
the corresponding line for the iron-carbon diagram, means 
that the solubility of carbon in S-iron (or, what amounts to 
the same thing, in a-iron) is increased considerably at tem- 
peratures above about 1,000°C, by the presence of chromium. 
Presumably the addition of more than 14 per cent, of this 
metal, e.g., 20 per cent., would lower still further the position 
of GH. The extra chromium would also very probably 
tend to raise the temperature at which Ac.l. and Ac.3. occur 
so that a simplified diagram for 18/20 per cent, chromium 
steels may be drawn roughly as in Figr 50. This diagram 
indicates that austenite will not form at all unless the steel 
contains a certain minimum amount of carbon ; if less were 
•present, it would dissolve directly in the alpha (or delta) 
iron, though prolonged heating at the necessary temperatures 
would most likely be necessary to secure equilibrium and 
even diffusion of the carbon. It seems probable, however, ' 
that this minimum carbon content is very low because appreci- 
able amounts of austenite were formed in an alloy containing 
20*4 per cent, chr mium and 0*10 per cent, carbon when 
quenched from temperatures in the neighbourhood of i,200'^C.; 
if, therefore, the solubility of carbon in the a-iron of this* 
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alloy is less than 0-10 per cent at 1,200®C., it must be con- 
sideraUy smaller at 800®/900'C. 

Line CBD in' Fig. 60, as in Figs. 48 and 49, represents the 
beginning of the Ac.l change, but in the former diagram the 



Fiq. 50. Effect of 20 per cent, chromium on the iron^oarbon diagram. 

“temperature is not independent of carbon content (as in 
Figs. 48 and 49) but falls as the latter increases. The reason 
for this is connected with the composition of the carbide in 
high chromium steels. It is known that this carbide consists 
largely of chromium carbide ; recent determinations, by 
B. Railing,* of its composition indicate that it contains 
5*8/5-4 per cent, carbon and about 63 per cent, chromium* 
. It follows, therefore, that the higher the carbon content of a 
steel containing a given amount of chromium, the greater 
the amount of the latter locked up in the carbide and, hence, 
the smaller the amount dissolved in the ferrite of the steel 
when the latter is in the annealed or fully tempered condition. 

As a result of the examination of a large number of steels 
containing up to about 30 per cent, chromium, Railing 
concluded that the temperature at which Ac.l. occurs in 
steels containing more than about 15 or 16 per cent, of that 
* Lot. eiU 
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metal, depends solely on the chromium content of the ferrite 
in the annealed or fully tempered sample. Thus he found that 
the Ac.l. change occurred at the same temperature in two 
steels containing (a) 0-18 per cent, carbon, 19-8 per cent, 
chromium and (b) 0-74 per cent, carbon, 24-7 per cent, 
chromium, due to the fact that the ferrite of both steels 
contained about 18 per cent, chromium, despite their wide 
difference in composition. Railing’s results indicate that 
the temperature of Ac.l. rises very rapidly, with increasing 
chromium content of the ferrite, when the latter exceeds 
about 15 per cent., his figures being approximately: 


Calculated chromium 
content of ferrite 
14 
16 
18 
20 
22 


Temperature 
of Ac. 1. 
810°C. 
885°C. 
900° C. 
1000°C. 
1170°C. 


One may also note the effect of carbon content on material 
containing a given amount of chromium by comparing 
curves E and P in Figs. 34 and 37. These relate to steels 
containing 17-2 and 17*6 per cent, chromium, respectively, 
and the quenching tests on the higher carbon steel P show 
that the Ac.l change in this material lies between 800° and 
850° C. On the other hand, it is obvious from curve E 
(Fig. 84) that the lower carbon material is not hardened to 
any extent until the quenching temperature reaches about 
1,000° C., although some evidence of change in this direction 
may be seen at 900° and 950° C. If Railing’s figures be 
accepted, the chromium content of the' ferrite of these two steels 
is about 16 per cent. (E) and 7-5 per cent. (P) respectively. 

Above the temperature, marked by CBD, and with 
less carbon than is indicated by BGF, the steels consist of 
mixtures of ferrite and austenite together with any undissolved 
carbide. The reversal of slope of the line at G indicates that 
the amount of austenite, in any particular steel, reaches a 
maximum at this temperature and thereafter decreases as 
the temperature rises still higher. To the right of BGF, the 
steels consist of austenite, together with free carbide at still 
higher carbon contents. Probably the most striking feature 
of Fig. 50 is the extensive range of carbon content and 
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temperature in which the structure is heterogeneous, con- 
sisting of mixtures of austenite and a (or S) iron. Notice 
also that the temperature at which melting commences, 
HFE, has fallen with increase in chromium content. 

It is admitted that Fig. 50 is largely speculative because 
the structural conditions existing in such high chromium 
alloys are still rather obscure. A factor which increases the 
difficulty of determining an equilibrium diagram for these 
steels is the very slow rate at which the particles of carbide, 
which they contain, react with the ferrite surrounding them 
and constituting the bulk of the material. Determinations 
of the temperatures at which structural changes commence 
in these high chromium steels, and made by examining 
samples quenched from a series of ascending temperatures, 
are therefore likely to be in error unless ample time is allowed 
at each temperature for the steel to attain something approach- 
ing equilibrium before it is quenched. For example, O. V. 
Greene* records that the first appearance of austenite in 
quenched samples of steel containing 0*38 per cent, carbon 
and 20*4 per cent, chromium was lowered 110°C. (from 
1,040° to 930°C.) by increasing the time, during which the 
samples were maintained at their respective temperatures 
before quenching, from twenty to sixty minutes. 

One may suggest a reason for this by again comparing the 
two steels, E and P, mentioned previously. The ferrite of 
Che higher carbon steel, P, contains about 7-5 per cent, 
chromium ; it will therefore have a gamma range of its own 
and, hence, will not behave in a very different manner from 
the 12/14 per cent, chromium steels described in the earlier 
part of this chapter. On the other hand, the ferrite of the 
lower carbon iron, E, will contain about 16 per cent, chromium 
in solution ; it will therefore have no gamma range of its 
own and the formation of austenite in this iron, when it is 
heated above the theoretical temperature of the Ac.l change, 
will be extremely sluggish. One may suppose that a slow 
action takes place at the interface between each carbide 
particle and the ferrite surrounding it ; a nucleus of austenite 
is slowly formed by the diffusion of the carbide and this 
nucleus gradually dissolves the ferrite in its immediate 
vicinity. One might almost regard the action as being due 
to the carbide dissolving the surrounding ferrite. 

• Trans. A.a.8.T., July, 1930, p. 45. 
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What is the practical importance of these complex 
changes ? The engineer may perhaps concede that the 
elucidation of the effect of chromium on the range of existence 
of 7 "iron forms an interesting theoretical study for the 
metallurgist, but he may reasonably enquire as to what 
practical value can be placed upon such speculations ; for it 
must be admitted that Pigs. 49 and 50 are largely speculative,, 
although they are reasonable explanations. Actually the 
practical effects of these complex changes are very great. 
Reference has already been made to the fact that the 
hardening of steel by quenching is impossible in the absence 
of 7 *iron ; but its absence also affects the general behaviour 
of the steel as may be shown by considering a stainless iron 
containing 0-1 per cent, carbon and 17 or 18 per cent, 
chromium. A bar of this which has been rolled or forged 
and afterwards tempered at about 700° C., in the same way 
that one would temper a lower chromium stainless iron, will 
consist of grains of ferrite through which are dotted particles 
of carbide. These grains of ferrite, owing to their high 
content of chromium, no longer possess a change point ; 
they do not give rise to 7 -iron when heated and hence have 
not the property of being refincable by heat treatment. In 
other words, they behave in the same way as copper instead 
of iron and if, by any chance, they become coarse grained, 
e.g., by heating to too high a temperature, they can only be 
refined again by mechanical work, such as rolling or forging*. 
Owing to its lack of response to heat treatment processes, 
the hot working of such a steel assumes an added importance 
as it will largely control the structural characteristics and,, 
hence, the mechanical properties of the finished material. 
As these conditions apply, in greater or less degree, to all 
materials whose composition is such that they do not become 
completely austenite in any temperature range (and Fig. 50 
indicates that this range of composition is extensive), it is 
important that the dependence of properties on carbon and 
chromium content be determined. 

It follows as a result of these structural changes in high 
chromium steels that the latter may be divided into three 
groups : — 

(1) those which do not harden appreciably and are ;iot 
reftneable by heat treatment ; 
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(2) those which harden well may be refined by heat 
treatment in a similar manner to the stainless irons 
and steels of lower chromium content; 

(3) an intermediate group which hardens to a limited 
extent and is partially susceptible to heat treatment 
processes. 

From the point of view of resistance to corrosion, group 
(1) is the . most desirable because that part of the chromium 
which exists in the steel as chromium carbide does not exert 
any beneficial influence on the resistance of the metal to 
corrosion. On this count, therefore, carbon should be kept 
as low as possible. Unfortunately, however, the mechanical 
properties of most of these low carbon materials are deficient 
in certain important respects. For example, with a carbon 
content of the order of 0*1 per cent., those which contain 
up to about 14 per cent, chromium belong to group (2); 
above about 16 per cent, to group (1). Group (8) consists 
of alloys with compositions between these two values. 
Considering for the moment those containing over 16 per 
cent., their lack of hardening power is not, in itself, particularly 
serious ; it may be an advantage for some engineering 
purposes. The impossibility of refining by heat treatment 
operations is of much greater moment, because the fragility 
of these irons increases markedly when their grain size 
becomes coarse. Not only does this imply that a close 
control must be kept on forging and rolling temperatures but 
also that the ductility of the material, when in the form of 
bars or forgings of large size, is likely to be considerably 
inferior to that of small-sized pieces, owing to the impossi- 
bility of producing as fine a grain size in the article of large 
sectional area. The bad effects of coarse grain size are also 
evident, sometimes painfully so, when the material is welded. 
On each side of the weld there is produced a band possessing 
a structure similar to that in Fig. 48, and as it is impossible 
to refine this structure by any form of heat treatment, 
welding operations on these high chromium irons are seldom 
very satisfactory, 

A further disadvantage of these materials, and one that 
may probably be traced back to their structure, is the very 
pronounced grain growth to which they are subject if held 
at a red heat for long periods. One of the useful properties 
of high chromium irons is their resistance to oxidation when 
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heated to relatively high temperatures ; their usefulness as 
heat-resisting steels is, however, limited in certain directions 
by the excessively coarse structure which is produced during 
use and the brittleness which this entails. It is very likely 
that the readiness with which very large grains form in these 
irons is not unconnected with their relative freedom, at high 
temperatures, from austenite. The latter, if present in any 
quantity, would obstruct the growth of* the ferrite grains. 
Pure iron, for example, when cold worked and then annealed 
at temperatures between about 700*^ and 900°C. frequently 
exhibits a very striking growth in the size of its ferrite grains ; 
if, however, a mild steel containing 0-15 or 0*20 per cent, 
carbon is treated in the same manner, the increase in grain 
size is much less marked. The reason is not far to seek ; the 
ferrite grains in the pure iron are free to re-orient themselves 
and grow in size without hindrance from any other structural 
constituent, but those in the mild steel are obstructed by the 
grains of austenite which form on heating at about 740°C. 
and which gradually absorb the ferrite surrounding them as 
the temperature rises above this. For the same reason, the 
grain growth which is so marked a feature of the high 
chromium irons, does not occur to anything like the same 
extent in those of lower chromium content. 

From an engineering standpoint, however, the most 
serious defect of these high chromium irons is their notch 
brittleness. This aspect of the matter will be treated in 
some detail in the next chapter, but it may be mentioned 
here that stainless irons containing up to about 14 per cent, 
chromium, when properly heat treated, possess very high 
Izod impact values ; on the other hand, those with 16 per 
cent, or over have values of the order of 5-ft, lbs. or less, 
nor can this value be improved by any form of heat treat- 
ment. Between 14 per cent, and 16 per cent, chromium, 
the impact value may vary greatly in different casts of the 
material and is not predictable from their analyses. 

As regards the higher carbon material, Fig. 51 gives, 
according to E. C. Bain,* the relation between carbon content 
and hardening capacity of high chromium steels. Those 
containing less carbon than is indicated by curve AB do not 
harden; those with more than corresponds to line CD 

. • “X-rays and tbe CJonstituents of Stainless Steels.” Trana. 8.8A,,T„ July, 
ms. VoL XTV, p. 27. 
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harden fully. When the composition falls between the two 
curves, the steel hardens partially. Curve XY was obtained 
by Kalling* and gives the minimum amount of carbon 
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Fig. 61. Effect of carbon content on hardening capacity of high chromium 
Bteels ; see page 78. 

required, with the chromium contents indicated, to produce 
steel which shall contain no free ferrite after suitable quench- 
ing. This curve agrees very well with that (CD) given by 
Bain for steels which harden fully. It should be noted that 
the positions of the curves AB and CD are only approximate 



Fig, 52. Effect of carbon content on hardness values of 17 per cent, 
chromium steel. 


Curve A— Bars 2 in. sq. cooled from a forging heat, about 1,100®C. 
B — „ H ill* diameter O.H. 950''C. 

;; c-- „ li „ „ T. 700-C. 


hoc. cU. 
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as there is no sharp line of division between the several 
groups. This is illustrated by the curves in Fig. 52, in 
which are plotted results obtained from a series of steels 
containing 17 per cent, chromium. Curve A relates to the 
Brinell hardness values given by bars two inches square 
after being cooled freely in the air from a forging heat, about 
1,100®C. For curve B, bars inch diameter were quenched 
in oil from 950°C. ; curve C gives the further results from 
the same quenched bars after they had been tempered at 
700°C. The impossibility of fixing a limiting carbon content 
which shall separate hardening and non-hardening steels will 
be obvious. At the same time, the author’s experience 
suggests that the non-hardening range of composition extends 
to somewhat higher carbon contents than are shown by 
curve AB ; witness, for example, the results plotted in Fig, 86 
relating to steel O, containing 0*42 per cent, carbon and 
25 per cent, chromium. The curve would certainly need 
altering in this manner if it were to include all alloys which 
are not rcfineable by heat treatment. 

The structural conditions existing in iron-chromium 
alloys containing more than about 25 per cent, of the latter 
metal are sjtill rather obscure. Bain and Griffiths* have 
shown that low carbon alloys containing about equal amounts 
of iron and chromium normally consist of something in the 
nature of ferrite, together with free carbide. When, how- 
ever, they are drastically annealed or are heated for long 
periods at temperatures between about 500° and 800°C., they 
transform into a hard and very brittle material which these 
investigators call the ‘‘ brittle constituent.”’)’ This con- 
stituent may also be produced in alloys containing down to 
about 80 per cent, chromium under similar conditions. 
Bain and Griffiths quote an example of such a chromium 
iron which was made brittle by several months’ exposure at 
about 550°C. Microscopical examination suggested that, 
in this case, the brittle constituent formed a network round 
tVie grains of ferrite ; it was removed hy reiieating to abput 
900°C, and cooling rapidly, with consequent improvement in 
the mechanical properties of the material. Descriptions of 

• An Introduction to the Iron-Chromium-Nickel Alloys.” TraTis. Amer, 
JnsL Min, A Met, Eng,^ 1927, Vol, 75, p. 166. 

t Recently Bain and Abom (” The Natiye of the Nickel-Chromium Staiidess 
Steels.” A.S.S.T., Sept, 1930) have suggested that the fonnation of this brittle 
OGUBtituent may be due to nitrogen. 
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the structure * and properties of some of these very high 
chromium steels, after various forms of heat treatment, will 
be found in papers by > C. E. MacQuigg,* Kalling,f and 
Krivobok and Grossmann,| to which, as well as to the paper 
by Bain and Griffiths mentioned above, those interested may 

be referred. • 

« 

A further interesting effect of the comparatively wide 
range of existence of S-iron in stainless irons and one, more- 
over, of considerable practical importance, relates to the 
production of decarburised skins on such material. As has 
been already mentioned, high chromium steel possesses a 
notable resistance to scaling and oxidation when exposed to 
high temperatures ; for example, the ordinary stainless steel 
used for cutlery purposes and containing 12 or 14 per cent, 
chromium, does not scale appreciably when heated, even for 
prolonged periods, at any temperature up to about 80()°C. 
Increasing the chromium content to 20 per cent, or there- 
abouts, raises the non-scaling range to about 950®C., while 
resistance to still higher temperatures may be obtained by 
further additions of the metal. At temperatures above these 
respective limits, however, the high chromium steels scale 
in much the same way as ordinary steels and, also like the 
latter, their surfaces when so heated become decarburised 
to a greater or less extent. The decarburised skin generally 
produced on the higher carbon steels and also, up to certain 
'temperatures, on stainless irons is of a similar type to that 
found on ordinary carbon steels ; there is a gradual decrease 
in carbon content as one approaches the extreme surface 
from the body of the steel. If, however, stainless irons are 
reheated above a certain minimum temperature, which 
depends on the amount of chromium they contain, de- 
carburisation leads to the production of a sharply defined 
low carbon band of coarse ferrite grains which grow from the 
surface and possess a columnar structure very similar to 
that associated with hot cast ingots. Figs. 58, 54 and 55 
show the decarburised xones produced ou samples of 14 per 
cent, chromium iron after reheating for twenty minutes to 
1,050°, 1,150° and 1,250°C. respectively ; prior to this treat- 

* Some Commercial Allo^ of Iron, Chromium and Carbon in the Higher 
Chromium Hanges.*’ Trans, Amer, Inst. Min, Mel., Eng., Auguet, 1923. 

f Loc, cit, ^ 

• t A Study of the Iron-Chromium-Carbon Constitutional Diagram,” Trans, 
A.8,8.T., July, 1930, p. 1. 
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taent, the samples had been machined all over to remove any 
pre-existing decarburisation. The difference between Figs. 
58 and 54> is understandable if one assumes that the 7 — S 
change occurs in very low carbon iron, containing 14 per 
cent, chromium, at some temperature between 1,050° and 
1,150°C. At the former temperature the decarburised skin 
still consists of 7 -iron, similar to the remainder of the sample ; 
hence there is nothing to prevent the free diffusion of carbon 
from more deep seated layers into the decarburised zone, and 
one would expect to obtain a continuous gradient in carbon 
content from the skin until the normal percentage in the 
sample was reached. At 1,150°C., on the other hand, the 
decarburised skin automatically becomes S-iron and, as the 
carbon content of successive layers is reduced by the requisite 
amount, these also change to ^-iron. Each successive layer 
being thus formed upon a layer of existing crystals of S-iron, 
assumes the orientation of the latter, causing these to grow 
in the same way that a crystal of alum, for example, grows 
when suspended in a saturated solution of that salt. Hence 
the layer of ^-iron crystals first formed grows into the body 
of the material, developing the characteristic columnar form 
visible in Figs. 54 and 55, Moreover, as the S-iron has a 
different crystalline form from 7 -iron and can only dissolve a 
very limited amount of carbon, the inner surface of the de- 
carburised layer is very sharply defined, both in structure and 
carbon content, from the normal material inside. This is 
one of the most striking features of Figs. 54 and 55. 

A similar decarburised layer was produced on iron 
containing 12*3 per cent, chromium at 1 , 200 °C. but not at 
1,150°C, With 15*5 per cent, chromium, the temperatures 
were 1,050° and 1 , 000 °C. respectively. 

It should also be noted that this sharply defined band is 
not evident if the iron has been heated to a sufficiently high 
temperature to form the coarse cellular structure shown in 
Figs. 48 and 44 . At these high temperatures, the whole 
mass of the material probably consists of a solution of carbon 
in fi-iron. The decarburised band has therefore a similar 
structure to the bulk of the sample and, while evidences of the 
columnar type of structure are often still visible in it, there 
is no longer the sharp contrast both in structure and carbon 
content, between the band and the material adjoining it, t^iat 
is^so noticeable in Figs. 54 and 55. 
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The very great depth of these decarburised skins should 
also be observed ; in the sample shown in Fig. 55, this 
amounted to nearly one sixteenth of an inch. The pro- 
duction of these very deep decarburised layers, even in such 
a short time as twenty minutes and under conditions which 
were not particularly oxidising, is not only important from 
a practical standpoint, but also should be very carefully 
borne in mind by those carrying out investigations on the 
structure, at high temperatures, of steels containing large 
amounts of chromium. It is probable that more than one 
investigator has been misled as to the structural changes 
taking place in these steels owing to the great depth of the 
decarburised skin not being realised ; as a consequence, 
sufficient material has not been removed, by grinding or 
machining, from the surfaces of heat-treated samples when 
these have been prepared for microscopical examination. 
Hence the structural conditions existing in the skin have 
been observed during this subsequent microscopical examina- 
tion and have been unwittingly regarded as representing 
those existing in the undecarburised portion. 

Obviously the production^'of a skin similar to those in 
Fig. 54 or 55 is possible on high chromium steel of any carbon 
content, providing the surface layer is decarburised to a 
sufficient extent to produce S-iron. Fig. 56 for example 
^ represents a section through the skin of a small piece of steel 
containing 0*67 per cent, carbon and 14'1 per cent, chromium 
after reheating to and quenching from 1,200°C. The 
structure of the undecarburised portion of this sample con- 
sisted of practically pure austenite — see Fig. 30 (page 54). 
The first effect of decarburisation was the production of 
martensite grains among the austenite and the former 
gradually replaced the latter as the carbon contents de- 
creased, Then some ferrite appeared and finally the sharply 
defined band of practically carbonless S-iron shown, together 
with the adjoining martensitic area, in Fig. 56. 

Macrostructure and Ingot Heterogeneity. In 
the preceding pages, the changes produced by different 
conditions of heat treatment on the structure of high 
chromium steel have been considered on the tacit assumption 
that such material was homogeneous in character, i.e., that 
the chromium, carbon and other elements present in the 
steel were evenly distributed through the iron, or, at least, 
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in a sufficiently even manner as to approximate to a homo- 
geneous condition for practical purposes. It is important, 
however, to see whether such a condition actually exists 
and if not, to what extent the structure of the steel departs 
from homogeneity. 

If !s well known that when ordinary carbon steel solidifies 
from the fluid condition, the portions of each separate crystal 
which freeze out first contain a smaller percentage of dissolved 
impurities, such as carbon, silicon, manganese, phosphorus, 
than the fluid steel from which they separate, and that, as 
freezing gradually progresses, material containing a gradually 
increasing amount of such impurities is deposited, the portions 
which finally freeze being much more impure than the original 
fluid metal. During and after freezing, diffusion takes 
place rapidly with regard to the carbon, so that the 
original distribution of this element in the solid material 
is to a very great extent obliterated. The other elements 
present, however, diffuse much more slowly, if at all, and 
hence the original crystalline structure produced during the 
freezing process may be shown in ordinary steels by the use 
of special etching reagents which attack the steel in a manner 
depending on the concentration of these dissolved impurities. 
By the use of such reagents as, for example, the various 
“ copper ” reagents developed by Rosenhain, Stead, Le 
Chatelier and others, or the still more striking method of 
macro-etching described by Humphrey,* the purer dendrites 
which solidified first are attacked in preference to the more 
impure areas and, as a result, one obtains a dendritic 
structure similar to Fig. 57, which shows very clearly how the 
crystalline mass of the steel was built up. Etching the same 
section with the ordinary reagents used in the microscopic 
examination of steel, such as a 5 per cent, solution of picric 
acid in alcohol, reveals merely the distribution of carbon 
in the steel when cold; and, as the carbon during and 
immediately after solidification has diffused, producing an 
austenite practically homogeneous with respect to this 
element., which has afterwards split up at the critical changes 
into pearlite and ferrite or cementite, the patterns produced 
by the two types of reagents often bear little apparent 
relation to each other. During any subsequent heat 
. treatment operations, the ori^nal distribution of the 
1919, I, 273. 
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impurities other than carbon is practically unaffected. Even 
rolling or forging operations do not remove this pattern 
but merely distort it to a greater or less dt*gree. On the 
other hand the carbon distribution, as shown by the ordinary 
pearlitc and ferrite or cementite structure, is modified every 
time the material is heated and cooled through thc*^ change 
points. In any ^ piece of ordinary carbon steel, therefore, 
there are two structures more or less independent of each 
other ; the one shows the state and distri])ution of the 
carbon in the steel, and forms the ordinary micro- 
structure ; the other indicates the original crystallisation 
of the ingot, produced on solidification and more or le?ss 
distorted by subsequent mechanical work, and is generally 
referred to as the “ macrostructure,” its pattern being fairly 
coarse and visible to the unaided eye. 

The presence of the large amount of chromium in 
ordinary stainless steel so retards the diffusion of the carbon 
that the distribution of this element in a cast sample of the 
steel, when cold, outlines the original dendritic structure 
produced on solidification, and not only so, but this structure 
persists to a marked extent even through the operations of 
forging and rolling. For example, in ingots or castings, 
which have been cooled down after casting at a sufficiently 
slow rate to soften the material completely, the original 
dendritic structure is shown very markedly by the distribu- 
tion of the carbide Thus Fig. 58 shows the structure obtained 
with such a sample containing 0*42 per cent, carbon and 11*3 
per cent, chromium ; it will be seen that the dendrites which 
solidified first contain less carbide than the interdendritic 
filling which froze later. A similar sample cooled quickly 
after casting consisted of a mixture of martensite and 
austenite, the former occupying the position of the dendrites 
while the latter occurred in the interdendritic filling, the 
carbon concentration there being sufficiently high to cause 
the complete suppression of the change points on rapid 
cooling and the consequent retention of austenite. Similar 
dendritic structures may be obtained with the low carbon 
stainless iron, thus Fig. 59 shows the stmeture of 
an ingot containing 0*07 per cent, carbon and 11*7 
per cent, chromium and consists of ferrite and martensite. 
TJiis dendritic structure is Very persistent even after drastic 
heat treatment. As examples of this, Figs. 60 and 61 are of 
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interest ; the former represents the structure of a sample 
similar to that represented in Fig. 58, after annealing for four 
hours at 1,100° C. ; the latter shows that of a bar, 1| inches 
diameter, of similar analysis to the cast sample described 
above, after the forging and rolling operations necessary 
to rcdilte it from an ingot 12 inches square^. In both cases 
the dendritic structure is clearly evident. Both these 
examples are of steels in the annealed condition, and the 
structure obtained by such treatment emphasises the distribu- 
tion of the carbide in a more marked manner than when 
the material is hardened or hardened and tempered ; the 
rather high carbon which the samples contain also helps 
in retaining the original heterogeneity ; however, they serve 
to emphasise the effect of the chromium in retarding the 
diffusion of the carbon in the steel. 

It will be evident from the examples given above that 
there is likely to be evidence of a certain degree of hetero- 
geneity in all samples of high chromium steel. During rolling 
or forging operations, the original dendritic structure with 
its variations in composition is distorted and drawn out to a 
greater or less extent into fibres or thin plates, depending 
on the section of the bar into which the material is being 
worked. Each reheating for mechanical work affords oppor- 
tunity for diffusion to take place to some extent, while the 
actual forging and rolling, by reducing the cross sectional 
area of the original dendrites, reduces the distance through 
which diffusion has to take place and thereby helps it con- 
siderably. As far as the author is aware no estimation 
of the amount of heterogeneity, due to the original 
dendritic structure, existing in a rolled or forged product 
of stainless steel has been made; but although it can be 
detected in different ways, even in material which has 
been reduced in cross-section to a considerable extent, 
it is probable that its amount is considerably less than it was 
in the ingot form. 

The presence of this heterogeneity may be shown very 
strikingly in the ordinary “ cutlery ” type of stainless steel, 
containing 12/14 per cent, chromium and 0*8 per cent, 
carbon, by quenching the steel from a temperature not 
quite high enough to dissolve the whole of the carbide ; in 
w'hich case in a longitudinal section, the carbide remaining 
out of solution will tend to be arranged in chains or streaks 
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separated by other streaks which are practically free from 
carbide It may also be disclosed by slowly cooling the 
steel from a similar temperature ; in this case the streaks 
in which the carbide had been taken completely into solution 
will have a pearlite structure while the alternating streaks, 
where some carbide remained undissolved at the annealing 
temperature, will contain globular carbide. 

When considering what effects these remnants of the 
original ingot structure have on the properties of the rolled 
or forged product, it is convenient to divide the high chromium 
materials into two groups ; those which are refineable 
by heat treatment methods and those which, owing, to their 
high chromium and low carbon contents, are not completely 
refineable. The latter always contain large amounts of free 
ferrite, no matter how treated. 

In the case of the first group, it is somewhat 
doubtful what effect these remnants of ingot heterogeneity 
have. liike all other steels, those of this group exhibit 
evidences of “ fibre ” in rolled or forged products, but it is 
probable that this is due in much greater degree to slag and 
other non-metallic inclusions in the steel than to these 
drawn-out remnants of ingot crystals. It may be accepted 
that, when properly made, chromium steels of this type 
behave in this respect in much the same manner as ordinary 
structural alloy steels ; they exhibit a similar degree of 
“ fibre.” 

In the case of the higher chromium alloys, which cannot 
be completely refined by heat treatment, matters are rather 
different. An ingot of stainless iron, for example, containing 
15 or 16 per cent, chromium has a structure similar to Fig. 62 , 
i.e., very large grains of ferrite with a small amount of 
martensite or sorbite, depending on its rate of cooling. A 
still higher chromium content, e.g., 20 per cent, produces a 
cast structure still more preponderatingly ferritic, as shown 
in Fig. 63 . When ingots of materials such as these are 
reheated for forging or rolling operations, the carbon has even 
less opportunity for becoming evenly distributed throughout 
the steel than it has with lower chromium material, because 
at no temperature is there obtained a structure consisting 
entirely of austenite ; some ferrite always remains 
undissolved. Hence there is produced, in rolled or forged 
products, a sandwich-like structure consisting of bands of 
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ferrite, practically free from carbon, alternating with other 
bands containing variable amounts of carbide, either in or 
out of solution. A typical appearance found in a rolled 
plate is shown in Fig. 64. In round or square bars, these 
bands become so many fibres whose size depends on the 
amount of reduction in cross sectional area from ingot to 
bar; their effect on the properties of the materal may or 
may not be noticeable, depending on circumstances. In 
flat bars, plates or sheets, however, they will produce a more 
or less laminated structure and this may have disconcerting 
effects where such a structure is a source of weakness. 

As a spectacular, rather than an important, effect one 
may instance the oval appearance of the test pieces shown 
in Fig. 65. These were cut from flat bars of stainless iron 
containing about 15 per cent, chromium. Before testing, 
the cross section of each test piece was circular, and 
its oval shape after pulling appears to be due entirely to the 
remnants of the ingot structure being rolled out into tiny 
plates during the operations incidental to producing a flat 
bar. Similar but less noticeable effects may be produced in 
stainless irons containing 12/14 per cent, chromium when 
these are rolled or forged from high temperatures at which 
they consist, structurally, of mixtures of austenite and 
S-iron, as described earlier. In the case of 12 per cent, 
chromium iron, no noticeable amount of 5-iron appears to 
be produced until the temperature exceeds about ],200°C. ; 
when the chromium content reaches 14 per cent., the corres- 
ponding temperature is about 1,100'^C. 

The fact that the oval shape of the fractures in Fig. 65 is 
due to structural laminations in the steel may be shown 
by a simple and rather interesting experiment with 
ordinary mild steel. Two bars. If inch square and 12 inches 
long, were cast in mild steel containing 0*31 per cent, carbon, 
0*23 per cent, silicon and 0*57 per cent, manganese. One of 
these bars was reheated to 1, 100/1, ISO^C. and then rolled 
down to a flat bar, i inch thick ; the other was similarly 
rolled but after reheating to a temperature of 700 °C. only* 
Tensile test pieces prepared from these rolled bars, when 
pulled, had the fractures shown in Fig. 66. Piece A, from 
the bar rolled at 1,100®C. has a quite circular fracture ; that 
of piece B, rolled at 700°C., is oval.« The explanation appears 
to be simple. The bars, as cast, had a coarse structure of 
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ferrite and pearlite typical of a casting. On reheating such 
material to 700°C., no diffusion of the ferrite and pearlite 
takes place and hence in the bar rolled at this temperature, 
these large grains are merely distorted, producing a laminated 
structure of the type found in stainless iron. On the other 
hand, during reheating to 1, 100/1, 150®C., the large*grains 
of ferrite and pearlite existing in the casting, are obliterated. 
The steel at Ihis temperature consists of practically homo- 
geneous austenite and henee on rolling, there is no pro- 
duction of the coarse laminated effect found in the bar rolled 
at 700®C., nor is there any tendency to ovalness in the tensile 
fracture obtained from the bar. 

Like other things, however, which at first sight 
appear to be entirely objectionable, the extremely slow 
diffusion of the various elements present in stainless 
steel, which allows the original heterogeneity produced 
during solidification to be preserved to a greater or 
less degree, has some very distinct advantages for what 
may be described as instructional purposes. Thus it 
emphasises the fact, by making it more easily visible, that 
all forged or rolled steel, stainless or otherwise, possesses 
a “ fibre ” or “ grain ” which is cpiite as much a feature 
of steel as it is of wood, though it is not always so prominent 
to the eye in the metal. This fibre is probably mainly due 
to the presence of minute particles of slag or other non- 
metallic inclusions which arc mixed up with the steel. These, 
existing in the ingot as more or less rounded particles, are 
drawn out during forging or rolling operations into threads 
or plates, imparting to the worked product a fibre which 
should be taken into account quite as much as is the fibre 
in the working of wood. 

Again, because the original crystalline characteristics 
of the ingot are not completely obliterated by he^at treatment 
or by mechanical work, it follows that these characteristics 
can be recognised in the bars, forgings, stampings or other 
articles prepared from the ingot and thus help in correlating 
observed properties of the finished material or of its behaviour 
during hot working with ingot characteristics. In the 
same way, the distortion of this original dendritic structure 
during forging operations produces a recognisable pattern 
ip the forged article ; a study of this pattern often provides 
much useful information as to the methods of forging 
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employed. In these respects the behaviour of high chromium 
steel does not differ, except in degree, from that of ordinary 
steel or of the more common alloy steels. In all these steels 
the remnants of the ingot structure can be used in a similar 
manner ; in the high chromium steel, however, as with some 
other clloy steels, the lessened rate of diffusion of the carbon 
allows the original heterogeneity with respect to this element 
to persist in a marked degree and hence, reinforcing the 
effects of the differences due to other elements, enables the 
distorted ingot pattern to be more readily shown. 

It may be noted, however, that one of the most useful 
elements to the steel metallurgist in disclosing ingot character- 
istics, sulphur, does not always function so well in this respect 
in high chromium steels. Sulphur exists in ordinary steels 
as minute particles of manganese sulphide, mechanically 
mixed with the steel ; a study of the distribution of these 
particles, easily carried out by means of a “ sulphur print,”* 
gives much useful information as to ingot conditions. The 
possibility of obtaining such a print depends on the fact 
that the particles of manganese sulphide are easily attacked 
by dilute acids and the product of their decomposition reacts 
with the silver bromide in the photographic paper, pro- 
ducing a visible image. In many stainless steels, however, 
such amounts of sulphur as they contain exist in a different 
fashion ; the manganese content of such steels is generally 
low, e.g., not more than about 0*2 per cent. ; and under 
these conditions the sulphur appears to exist in a form, 
probably crystallised chromium sulphide, which is not 
readily attacked by acids and hence does not produce any 
“ image ” on the acidified bromide paper when the latter is 
pressed into contact with it. If, however, the manganese 
content of the steel is distinctly higher than suggested above, 
e.g., 0-6 per cent, or more, part at least of the sulphur then 
exists as manganese sulphide and from such steels a “ sulphur 
print ” may readily be obtained. 

Thermal Curves. The absorption and evolution of 
heat occurring respectively at the Ac.l and Ar.l changes have 
long been used by metallurgists as a means of locating the 

*Suoli a print is obtained by pressing a piece of ordinary photographic 
bromide paper, previoosl}' soaked in water containing 2 or 3 per cent, of 
sulphuric aoid, in contact with a smoothly bled or ground surface of the steel. 
Thirty to sixty seconds’ contact is generally cuffioient for ordinary steels. With 
stainless steel a stronger acid solution, up to about 10 per cent., may be used anu 
a contact time of 5 to 10 minutes may be necessary. 
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exact temperatures at which these changes occur. They 
may be similarly used in connection with stainless steel, 
and a study of the results thereby obtained provides inter- 
esting and useful data in connection with the heat treatment 
of the steel. 

Many elaborate forms of apparatus have been devised 
for the purpose of obtaining such thermal data on both 
ordinary carbon steels and alloy steels. For experimental 
work, where great accuracy in temperature measurement 
and the ability to detect minute changes in heat evolution 
or absorption are required, such elaboration of apparatus 
may be desirable ; for ordinary works purposes, however, 
an automatic temperature recorder, reading to five degrees 
centigrade, furnishes most, if not all, of the data required. 
Such a recorder gives a curve in which temperature is plotted 
against time. If such a recorder is connected to a thermo- 
couple inserted in a hole drilled in a sample of steel and the 
latter placed in a furnace, the temperature of which is being 
raised at a uniform rate, the temperature of the sample 
will increase uniformly so long as no change takes place in 
the steel itself ; hence the curve drawn by the temperature 
recorder will be smooth and will show no perturbations. 
When, however, the Ac.l point is reached, the change which 
then takes place absorbs a considerable amount of heat and 
hence, for a short interval, the steel either does not get any 
* hotter or else increases in temperature at a slower rate than 
before, thus producing a break in the curve obtained from 
the temperature recorder. Similarly on cooling, the heat 
evolved by the steel on passing through the Ar.l change 
temporarily delays the cooling of the sample until the change 
is completed. A record so obtained from a piece of ordinary 
carbon tool steel is shown in Fig. 67 and will serve as a stan- 
dard with which the curves similarly obtained from stainless 
steel may be compared. It will be noted that the absorption 
and evolution of heat at Ac.l and Ar.l are both very sharply 
defined. A heating curve obtained in the same manner from 
a sample of stainless steel containing 0*3 per cent, carbon and 
12*5 per cent, chromium gave the result shown in the left-hand 
portion of the curve in Fig. 68. In this case, the Ac.l change 
occurs near 800®C., but otherwise the curve obtained is similar 
to that from the ordinary steel, except that the absorption of 
"•^Keat is possibly not so sharply defined but tends rather 
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to spread over a range of a few degrees than to occur at 
one temperature. This curve is typical of what may 
be obtained from stainless steel containing 0*3 per cent, 
carbon or thereabouts and chromium not exceeding about 
15 per cent.; the actual temperature obtained for the Ac.l 
point* with any particular specimen depends on the composi- 
tion of the latter, more particularly with regard to silicon and 
nickel ; the former element raises the temperature of the 
Ac.l change and the latter lowers it. 

In addition, with any particular steel, the temperature 
at which the Ac.l point occurs is affected slightly by the 
rate at which the sample is heated, a faster rate tending to 
give a somewhat higher temperature, and also by the 
previous thermal history of the sample. In the latter case, 
the Ac. 1 point is likely to occur a few degrees higher in a 
sample which has previously been annealed than in a piece 
of the same steel in the hardened or hardened and tempered 
conditions. This effect, which is probably connected with 
the relative sizes of the carbide particles given by the two 
types of heat treatment, may be seen in Fig. 08. Prior to 
taking the first heating curve in this diagram, the sample 
had been hardened and tempered ; after the subsequent slow 
cooling, producing the Ar.l point at 760® C., the material was 
of course, in the annealed condition and in the second heating 
curve, which followed, the Ac.l point occurred at 802® C. 
instead of 798° C. 

In the case of the changes occurring on cooling, however, 
the rate at which the sample is cooled plays a very important 
part, as will be evident from what has already been stated 
when discussing the rnicrostructural changes. The results 
obtained with the 12*5 per cent, (chromium steel mentioned 
above may be summarised as follows : If the steel is 
cooled from above the Acl. change point at a sufficiently 
slow rate to soften it completely (i.e., to give either a 
pearlitic structure similar to Figs. 2, 3 and 4, or the granular 
type, illustrated in Fig. 17, obtained under similar cooling 
conditions from temperatures at which all the carbide had 
not been taken completely into solution) an evolution of 
heat is produced in the range 770° to 700° C. approximately. 
The actual temperature at which this evolution of heat occurs 
depends on the rate of cooling employed and the maximum 
temperature to which the steel was heated before cooling. 



Plate Xril 



i'lt;. HS and if»olinL^ unvt-- ••[ 'taiiil* ^ 'Im'I •djiajiiid tjii wnrk- locnidfi 




THE INFLUENCE OP CHROMIUM 


A slower rate of cooling tends ,]tQ raise the temperature at 
which the change occurs, while raising the initial tem- 
perature from which the steel was cooled tends to lower the 
change point. It follows from this that the highest tem- 
perature at which the evolution of heat can occur is most 
likely to be obtained by heating the sample initially to 
a temperature only just above that of the change point on 
heating and then* cooling slowly therefrom. Under such 
conditions, the evolution of heat is very well marked and 
occurs at about 760°C. or slightly higher. On increasing the 
rate of cooling, while still retaining the same initial 
temperature from which the cooling commenced, the 
temperature at which the evolution of heat occurs falls 
slightly, the critical change, however, being still well marked. 
This continues until a cooling rate fast enough to cause the 
steel to commence to harden is reached. The evolution of heat 
then becomes less defined and occupies a range of temperature 
while a further change occurring at about 400° C. 
becomes visible. With still faster rates of cooling, the upper 
change becomes less marked, and occurs at still lower 
temperatures, while the lower one becomes more marked. 
At the same time, the hardness of the samples after cooling 
increases rapidly. Finally, the upper change disappears 
entirely and there is obtained only the one occurring at about 
350°/400° C. 

‘ As an illustration of this, the following table gives the 
results obtained on a steel containing : — 


Carbon 
Silicon . . . 
Manganese 
Chromium 


0*84 per cent. 
0*12 per cent. 
0*24 per cent. 
11*2 per cent. 


cooled at different rates from 860° C. The rates of cooling 
were measured by taking the time occupied in cooling 
from 850° to 550° C. 

When samples are cooled from a higher initial 
temperature, a similar sequence is obtained except that 
the rates of cooling necessary to obtain similar effects 
become progressively slower as the initial temperature of 
cooling is raised. This will be apparent from Fig. 18 and 
the descriptions with regard to the structural changes which 
^ere given earlier in the chapter. 
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Time 

of 

Coolinff. 

Temperature of Critical Range. 

Brinell Hardneae 
Number 

After Cooling. 

54 min. 

766° 

170 

15 „ 

748° to 742° C 

179 

13 ^ 

741° to 785° C 

179 

11 ,, 

/ 720° to 700° C 

255 


\410° C. 


9 „ 

/715° to 700° C 

277 


\885° C. 


8i „ 

/700° to 665° C 

311 


\885° C. 


„ 

J Slight, between 700° and 600° C. 

382 


\405° C. 


„ 

860° C 

887 

li » 

850° C 

i 

402 

i 


The types of cooling curves obtainable on a works 
recorder are shown in Fig. 68 ; in the first cooling curve 
depicted therein, the sample was slowly cooled in the 
furnace and gave a well-defined Ar.l point at 760°C. For 
the second cooling curve, the sample (f -in. diameter and 
1-in. long) was withdrawn from the furnace at a temperature 
of 840°C. and allowed to cool freely in the air, producing 
the “ lowered ” Ar.l point at 365° C. 

The temperature at which the “ lowered ” Ar.l point 
occurs, that is, the one obtained at 400°C. or below when the * 
steel is cooled at a sufficiently fast rate to cause it to harden 
more or less completely, depends on the maximum tern- 
perature to which the steel was heated before cooling. 
The higher this maximum temperature is, the lower the 
position of the change point. Thu’s, in the examples quoted 
above, the lowered change point occurred between 
350° and 400° C., the maximum temperature to which the 
steel was heated prior to cooling being 860° C. When the 
same steel was cooled from 1,200° C., the lowered change 
point occurred in the range 250° to 275° C. 

The significance of the change points occurring in these 
two ranges of temperature, approximately 600° to 750° C. 
and 250° to 400° C., is readily apparent from a microscopical 
point of view. That occurring in the upper range marks the 
breakdown of the austenite with the formation of pearlite or 
of its finer varieties, sorbite and troostite. The low^ 
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critical range, on the other hand, marks the formation of 
martensite from the austenite. When the rate of cooling is 
such that evolutions of heat occur in both ranges of tem- 
perature, a structure consisting of a mixture of martensite 
and troostite is produced, the proportions of the two 
constituents depending on the relative amount of the* heat 
evolutions in the two ranges of temperature. 

Although the data given in the last few paragraphs refer 
more particularly to the type of stainless steel containing 
11 to 14 or 15 per cent, chromium and about 0*8 per cent, or 
more carbon, they also apply, subject to certain modifications 
as regards temperatures, to all other stainless steels which are 
capable of being hardened by cooling more or less rapidly from 
high temperatures. They also apply to the lower carbon stain- 
less steels and irons containing up to about 14 or 15 per cent, 
chromium, except that the thermal effects in such alloys are 
less pronounced and hence less noticeable in thermal curves. 

On the other hand, thermal curves obtained from the 
higher chromium stainless irons, containing more than about 
15 or 16 per cent, chromium, show no noticeable evolutions 
or absorptions of heat, due to the fact that the changes which 
occur in such materials, on heating or cooling, take place so 
sluggishly and are spread over such a range of temperature 
that generally their rates of heating or cooling, when plotted, 
show no appreciable deviation from a smooth curve. The 
determination of the structural changes taking place in such 
high chromium irons, and the temperatures at which they 
occur, is best performed by heating, for sufficiently long 
periods, small samples of the iron to various temperatures in the 
range in which structural changes are presumed to occur and 
then rapidly quenching them in water. The quenched samples 
are then examined microscopically or submitted to. such physical 
tests, e.g., hardness determinations, as may seem desirable. 

Most of the austenitic stainless alloys to be described in 
subsequent chapters possess no change points on heating or 
cooling. Such alterations in structure as may occur in them, 
are generally brought about by more or less prolonged soak- 
ing in certain ranges of temperature or, if produced more 
quickly, do not give rise to any appreciable evolution or 
absorption of heat. Hence the thermal curves obtained from 
su^ alloys are perfectly smooth and show no evidence of 
"^Internal structural changes. 
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MECHANICAL AND PHYSICAL PROPERTIES OF HIGH CHROMIUM 

STEELS 

The suitability of any metal for engineering purposes is 
judged to a large extent by its properties as shown by the 
different types of mechanical tests which are in use for this 
purpose. As there appears to be a very large and promising 
field for the use of the various types of stainless steels for 
engineering work of many kinds, it is important that the 
range of mechanical properties obtainable from these steels 
should be studied in some detail. 

Confining attention for the present to those stainless 
steels which depend solely on the presence of chromium for 
their distinguishing non-corrosive character, it will again be 
advantageous, as in the previous chapter, if consideration be 
given first to the properties of those steels wliich contain 
about 12 or 14 per cent, of this metal and afterwards to the 
modifications produced in these by the additions of still larger 
amounts of the alloy. 

Experience has shown that in all types of hardenable 
steels, and particularly alloy steels, the best combinations of 
strength, ductility and toughness are obtained by first harden- 
ing the steel, so as to produce a homogeneous structure of 
martensite and then softening the hardened product, by 
tempering, so that the required tensile strength or hardness 
is obtained. In other words, what is aimed at, though 
possibly unconsciously, is the production of a structure hi 
which there are no sharply defined constituents, such as the 
pearlite and free ferrite or cementite which are obtained by 
normalising ordinary carbon steels and such alloy steels as 
do not air harden or by annealing practically all steels ; but, 
on the contrary, one in which the carbide occurs in minute 
granules evenly distributed in a baclifround of fine-grained 
fi^te. Actually much of the superiority of alloy steels is 
due to the fact that they can be completely hardened with 

80 
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ease in bars or pieces of a size which by no practicable method 
of quenching could be hardened throughout, if made of 
ordinary carbon steel. Such hardened bars of alloy steel 
may then be tempered and, as a result, possess a high degree 
of uniformity of hardness, toughness and ductility from 
surface to centre. These good features are possessed by 
the hardenable stainless steels in common, with other alloy 
steels which air harden or oil harden with ease. 

A considerable range of mechanical properties may be 
obtained from any one steel by varying the tempering 
temperature, after hardening ; the extent of this range may 
be indicated in a satisfactory and useful manner by suitably 
hardening a number of bars of the steel and then tempering , 
individual bars at a series of gradually increasing tempering 
temperatures. The size of the bar chosen for such tests has 
often a very important bearing on the results obtainable from 
a given steel. The smaller the diameter of a bar, the more 
quickly it may be cooled and with a steel such as ordinary 
carbon steel, in which the rate of cooling necessary to harden 
the steel is comparatively fast, the amount of hardening 
obtained depends, in a very great degree, on the size of the 
bar used. Air hardening steels, and many types of stainless 
steels come in this category, harden at comparatively slow 
rates of cooling and therefore are not so susceptible to 
mass effects ; hence the results obtained from such steels ^ 
by using bars of small size, for example, one inch or so in 
diameter, can be applied to bars of considerably larger size. 
Most of the tests given in this and succeeding chapters were 
obtained on bars one inch to one-and-a-quarter inches 
diameter, but the results may be applied, with some limita- 
tions to be dealt with later, to bars five or six times that size. 
From the heat treated bars tensile test pieces were machined 
(British standard size, 2 in, by 0*564 in.) and also test pieces 
for the Izod impact test (10 mm. square test pieces, standard 
“ Vee ” notch), the latter test indicating the toughness of 
the material and being, in the author’s opinion, of the^ 
greatest importance in judging the quality of steel for 
engineering purposes. 

The results obtainable from stainless iron, containing 
about 12 per cCnt. chromium, after oil hardening and then 
tempering at various temperatures are illustrated in Table I, 
They are also plotted in Fig. 69, which enables the 
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variation of mechanical properties with tempering tem- 
perature to be visualised more readily. 

For such very mild material as this, quenching in oil is 
sometimes preferable to air hardening, because the hardness 
obtained by air cooling is, generally speaking, somewhat 
lower than that by quenching in oil. The difference is 
probably due, not to the breakdown of the martensite during 
air cooling, but fo the separation of ferrite, the latter being 
hindered by the more rapid cooling in oil. 

The bars, when hardened, had a tensile strength of 
approximately 78 tons per square inch, and in this condition 
possessed good ductility and toughness. The effect of 


Table I. 

Mechanical Properties of Stainless Iron. 
(Bars treated ; IJ" diameter.) 


Carbon 

silicon 

Manganese 

Chromium 

Xiekel 

% 

% 

% 

% 

% 

007 

008 

0*12 ’ 

j 11*7 

0-57 


Treatment 

Yield iMaxlmiim 
Point, 1 Stress, 
tons per j tons per 
sq. inch. i sq. inch. 

j Elonga* 

' tion 
per cent 
on 2 ins. 

Beduc- 
tlon 
of Area 
per cent 

BrinelJ 

Hard- 

ness 

Number. 

Isod 
Impact 
ft Ite, 

•O.H. 980 

“C. 



78-2 

I 

18-5 

41*9 

840 

28 


W.Q. 200“ C. 


780 

120 

880 

840 

84 

9t 

>» 

300“ C. 

— 

72-4 

12-5 

864 

882 

88 



400“ C. 

— 

72-3 

15*5 

51 0 1 

882 

88 

ff 

9f 

500“ C. 

58-8 

72'4 

180 

52*2 : 

840 

86 

99 

tt 

600“ C. 

880 

491 

22 0 ’ 

62-4 

241 

65 

99 


700“ C. 

1 80*6 

40-4 

265 1 

1 65-8 

’ 196 

! 79 

99 


750“ C. 

' 27-9 

! 86-4 

! 81 0 

1 68-8 

j 179 

! 87 


99 

800° C. 

88-6 

58‘6 

; 18 5 

44'6 

1 

1 255 

j 40 


* In the preparation of tables, the use of readily understandable abbrsviationi 
is often a matter of some conrenience. The dgns W,H., O.H., A.H., are esitiy 
apparent abbieviations for water, oil, and air hardening, respectively. WHh 
regard to tempering temperatures, it will be shown later that the speed of oooHng 
after a tempering opetaUon may have a distinct indu^ce on the impact resolte 
obtained from a treated teat piece. Test pieces are therefore generally quenched 
in water from the tempering heat and the expression W.Q. 0OO®C. indicates that a 
sample was so ajaenohed from this tempering temperature, flimilariy F.C. dOO*C. 
and A.C. 600 indicate re«q»eotivmy cooling more or teas slowly in a fumaoe and 
air coding from Um tempering heat. 
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tempering on the tensile strength was such as would be 
expected from the Brinell hardness curves given in Fig. 18. 
Up to a temperature of 500° C. the tensile strength was 
practically unaffected by tempering while the toughness and 
ductility were notably improved. Between 500° and 600° C. 
the tetfsile strength fell rapidly so that the bars tempered at 
the latter temperature gave a figure of 49 tons per square inch. 
Concurrently with this fall in tensile strength, there was a 
distinct increase in the ductility figures (elongation and 
reduction of area) and a still more marked increase in the 
toughness value. As the tempering temperature rose froin 



Fio. 69. Mechanical properties of Btainlefis iron, oont&iniiigO'Ol percent, 
carbon and 11*7 per cent, chromium, after HitrdftntTig and tempering. 

600° to 760° C., the tensile strength fell steadily from 49 tons 
per square inch to just under 87 tons per square inch, the 
ductility figures at the same ®time increasing regularly. 
In this steel, the carbon change point occurred between 
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790“ aad 800'’ C„ and Kence the bar tempered at 800“ CJ 
showed distinct hardening effects which were made more 
evident owing to the bars being quenched in water from the 
tempering heats. 

It may be of interest to note that the results given 
above were obtained from the first cast of stainless iron 
produced on a commercial scale and which was referred to 
on page 28, 

Table II 


Mechanical Properties of Stainless Iron* 
(Bars treated: IJ” diameter.) 


Carbon 

% 

SiUcoD 1 

% 

Manganeae 

1 

Chromium 

% 

Nickel 

% 

010 

0-46 ! 

0-81 

11*2 

0*44 


i Yield 
! Point, 

Treatment i tons per 

1 sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Beduc- 
tion 
of Area 
per cent 

Brinell 

Hard- 

ness 

Number. 

Isod 

Impact 
ft lbs. 

A.H. 850* C 

69-2 

780 

120 

86*4 

802 

18 20 20 

O.H. 950“ C 

— 

84-7 

80 

8*4 

840 

20 81 28 

„ W.Q.500“C. 

— 

82-6 

18-5 

57*0 

840 

19 18 18 

. „ „ 600“ C. 

460 

55*0 

22*0 

68*7 

241 

24 29 — 

„ „ 700“C. 

860 

436 

270 

668 

192 

120 120 120 

„ „ 750“C. 

82-7 

40-8 

820 

67*0 

179 

120 120 120 

„ „ 800“ C. 

28-8 

89-6 

82*5 

65*8 

170 

109 110 105 


Results similarly obtained on a sample with somewhat 
higher carbon content but otherwise similar in analysis 
are given in Table II and plotted in Fig. 70. In this case the 
material when hardened had a tensile strength of 88 tons 
per square inch, and after fully tempering, at 750° to 800“C., 
a value of about 40 tons per square inch was obtained* 
A test after air hardening is also given and illustrates the 
somewhat lower tonnage obtained by air cooling as compared 
with oil quenching. In many cases, however, and especially 
if the b^s are afterwards fully tempered, the difference 
between the properties o^air hardened and oil hardened bars 
of this material is negligible. 
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Similar results may be obtained from irons containing 
rather more chromium, i.e., 18/14 per cent., though these 
irons, other things being equal, do not harden quite so 
intensely as those containing 12 per cent, or so. OSOX. is 



Fio. 70* Moohanioal properties of stainless iron, containing O'lO per cent, 
earbon and 11*2 per cent, chromium, after hardening and tempering. 


a suitable hardening temperature and the results given in 
Table III are typical. The comparatively low tensile 
strength of the air hardened bar should be noted. 

Stainless iron of a composition similar to this finds many 
applications in engineering work,. It possesses a voy 

useful range of mechanical properties and, as will be seen 




MECHANICAL AND PHYSICAL PROPERTIES 105 


Tabu^^II 


Mechanical Properties of Stainless Iron, 
(Bars treated : 1* diameter.) 


Carbon 

Silicon 

Man8azM«e 

Chromhim 

Nickel 

% 

% 

% 

% 

%. 

007 

0*32 

• 

0*29 

18-8 j 

0-40 


Treatment. 

Yield 
Point, 
tons per 
aq. inch. 

mS s~ 

Blonga* 

tion 

1 per cent, 
on 2 ina. 

Rcduc* 
Uon 
of Area 
percent. 

Brinell 

Hard- 

ness 

Number. 

laod 

Impact^ 

ft. 

A.H. 950° C 

26-5 

49-8 

28*0 

58*4 I 

228 

40 80 

O.H. 950° C 

58-8 

69*6 

18*5 

51*0 

321 

11 12 

W.Q. 500° C. 

56-4 

68*0 

21*5 

61*5 

802 

18 — 

„ „ 600° C. 

85-2 

45*6 

25*5 

71*8 

207 

91 92 

„ „ 750° C. 

26-6 

38*6 

840 

68*8 

179 

110 110 


Table IV 


Mechanical Properties of Mild Stainless Steel, 
(Bars treated : IJ* diameter.) 


Carbon 

Silicon 

Manganese 

Chromium 

Nickel 

% 

% 

% 

% 

% 

0*16 

0*52 

0*27 

13*0 

0*81 


Treatment. 

Yield 
Point, 
tons per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number, 

iBOd 

Impact, 
ft. lbs. 

OH. 950° C 

89*6 

94*4 

7*0 

11*8 

444 

42 88 28 

„ W.Q. 500° C. 

84*0 

94*0 

200 

59*8 

444 

22 27 18 

„ 600° C. 

44*0 

54*8 

24*5 

64*8 

255 

47 64 40 

„ 650° C. 

38*8 

48*4 

240 1 

66-8 

241 

87 98 88 

„ „ 700° C. 

87*2 

44*8 

28 '5 

70*8 

217 

; 101 101 99 

.. 750° C. 

86‘8 

48*4 j 

31*0 

66*8 

202 

i 

120 120 120 

1 


later, adequate resistance to corrosion for many purposes ; 
the fact that it does not air harden to the same extent as 
irons of lower chromium content, e.g., 11/12 per cent., is 
frequently an advantage in, connection with its engineering 
, application. 
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Raising the carbon content of the stainless steel produces 
effects similar to those obtained under the same circum- 
stances in ordinary carbon steels. The tensile strength of 
the steel, under given conditions of heat treatment, gradually 
rises while the toughness and ductility figures become less. 
The icurves connecting these properties with tempering 
temperature are however of the same type as those for the 


Table V 

Mechanical Properties of Mild Stainless Steel. 
(Bars treated : 1 J* diameter.) 


Carbon 

Silicon 

Manaanese 

Chromium 

Nickel 

% 

% 

% 


% 

016 

0*28 

0-20 

130 

0*51 


Treatment. 

Yield 
Point, 
tone Iter 
gq. inch. 

Maximum 
Stress, 
tons per 
aq. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. 

Izod 

Impact, 
ft. lbs. 

A.H. 960°C.W.Q.800°C. 



88-5 

10-5 

82-9 

402 

86 85 





600® C. 

44-8 

54*8 

i 28 0 

60-4 

262 

75 81 

80 



650° C. 

400 

48*0 

1 240 

62-2 

241 ’ 

93 100 

102 



700° C. 

89*8 

46*2 

26-0 

62-2 

217 

95 101 

91 

»> 

a 

750° C. 

34-4 

44-2 

i 31 0 

i 

65*8 

207 

95 92 

98 


lower carbon irons. Steels with a carbon content between 
0*15 and 0*25 per cent, are very well adapted for many 
engineering purposes where a somewhat higher tensile 
strength than that given by stainless iron is required. Here 
again there is some difference, in air hardening capacity, 
between chromium contents of about 12 and 14 per cent., 
but it is less noticeable than in stainless iron. Tables IV 
to VII and Fig. 71 indicate the type of result to be expected 
from material in this range of carbon content. One may note 
the useful combinations of tensile strengtlr and toughness^ 
which such steels possess ; also, when hardened, followed or 
not by tempering up to 500®C., they are generally sufficiently 
hard (Brinell hardness number 800 to 450 depending on 
composition) to serve for many purposes where a surface to 
resist erosion or wear is required. 

Wh^ the carbon content rises over about 0*80 per cent., * 
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the steel becomes hypereutectoi^mid hence more in the nature 
of a tool sted than a constructional steel. Such steels when 
hardened give higher Brinell hardness numbers than those 
with lower carbon and they are not softened, by tempering, 
below a tensile strength of 50 to 55 tons per square inch. 
Increase in carbon content over this amount has not Such a 


Table VI. 

Mechanical Properties of Mild Stainless Steel 
(Bars treated : IJ* diameter.) 


CutMn 

SiTloon 

Man^Mese 

Chromium | 

Xloktl 

% 

% 

% 

% 

0-22 

Oil 

017 

11‘5 

0*76 


Treatment 

Yield 
Point, 
tone per 
■q. Inch. 

Maximtim 

1 Btrew, 
tons per 
IQ. inch. 

BlonRa* 

tion 

per cent. i 
on 2 Ids. 

RednC' 

Uon 

of Area { 
per cent, j 

Isod 

Impact 

It Ibf. 

O.H. 800“ C. W.Q. 500“ C. ... 

84-4 

880 

9-5 

864 

15 14 18 

„ „ 600“ C. ... 

! 42 0 

56-4 

240 

52-2 

25 28 — 

„ „ 700“ C. ... 

! 88 0 

46'8 

260 

580 

60 60 67 

„ „ 750“ C. ...j 

1 31-2 

48-9 

280 

61-5 

68 68 70 


Table VII 

Mechanical Properties of Mild Stainless Steel. 
(Bars treated : IJ'" diameter.) 


Carbon 

Bllicon ' 

Manganese 

Chromium 

Mcleel 

% 

% 

% 

% 

0“22 

018 

0“14 

180 

060 


Treatment 

Yield 
Pdnt, 
tons per 
sq. inch. 

Stress, 
tons per 
sq. Inch. 

Elonga* 

Uon 

percent 
on 2 ins. 

Beduc- 
Uon 
of Area 
percent 

BrlneU 

Hard- 

ness 

Komber. 

Isod 
Impact 
ft TB, 


..... 



— 

444 

11 12 15 

*1 



66-6 

17*0 

48-5 1 

311 

11 11 12 


„ 650*'C. 


P'tTii 

1 180 

51-0 

277 

15 15 15 


„ 700“ C. 

484 

516 

27*0 

57-0 

255 

61 61 50 










108 


STAINLESS IRON AND ST^IEL 


noticeable effect on the mechanieal prop^ies obtainable under 
given conditions of treatment as it has in the lower ranges of 
carbon, nor is the effect of a variation in chromium content 
between 12 and 14 per cent, so marked. The properties 
obtainable are illustrated by the results given in Tables VIII 
and XI, which refer to steels containing 0*87 and 0-50 per cent, 
carbon respectively and which also show that such steels 
when suitably heat treated are quite tough and ductile. 



Fio. 71. Meohanical properties of stainless steel, containing 0*22 per 
cent, carbon and 11*6 per cent, chromium, after hardening and tempering. 


With a still higher carbon content than this, the matmsl 
contains very large amounts of free carbide ; as an indication 
however, of the type of mechanical properties possessed 
by such steels, the results given in Table X are included. 
They are interesting also in that,they confirm what was ludd 
earlier, that the effect of increasing carbon content on the 
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Table YIIL 

Mechanical Properties of Hard Stainless Steel. 

(Bars treated: Ij' diameter.) 


Ottrbon 
% , 

Slllooa 

% 

ms 

COiromiiim • 

% 

0 87 ' 

019 

015 

11-7 


Trefttxofiiit. 

Yield 
Point, 
tons per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent 
on 21ns. 

Beduo- 
tion 
of Area 
per cent. 

BrlneU 

Hard- 

non 

Kumber. 

Isod 
Impact, 
ft. lU. 

A.H. 900° C. 




1020 

8-0 

8-2 

444 

5 8 

8 

•> 

W.Q. 800° C. 

— 

1000 

5-5 

6-7 

444 

5 5 

5 

IS 

IS 

500° C. 

— 

104-4 

9-0 

24-6 

444 

8 4 

— 

IS 

IS 

550° C. 

— 

91-2 

9-0 

80-0 

487 

11 11 

7 

IS 

IS 

600° C. 

57*8 1 

65-0 

11-5 

27-6 

802 

7 10 

7 

IS 

IS 

650° C. 

50-2 

56-4 

17 5 

87-8 

269 

15 10 

15 

IS 

IS 

700° C. 

46-8 

54-0 

21-0 

52-2 

241 

26 26 

21 

IS 

l> 

750° C. 

42-4 

51-8 

21-0 

44-6 

241 

28 83 

84 


Table IX. 


Mechanical Properties of Hard Stainless Steel. 

(Bars treated : IJ'' diameter.) 


Carbon 

% 

SUicon 

% 

Manj^nese 

Chromium 

% 

0-50 

0-14 

0-18 

12-2 


Treatment 

Yield 
Point, 
tone per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. Inch. 

Elonga- 

tion 

per cent 
on 2 ins. 

Eeduo- 
tion 
of Area 
per cent 

Brinell 

Hard- 

ness 

Number. 

r«od 

impaot 

It Ibik 

A.H. 

900° C. 










477 

4 

5 

‘ 4 


W.Q. 800° C. 

— 

— 

— 

— 

444 

6 

4 

5 




— 


7-5 

11-8 

444 

6 

5 

6 

SI 

IS II 


— 

98-2 

6-0 

21-4 

415 

8 

8 

4 

t* 



55-6 

62-0 

15-0 

42-0 

285 

18 

18 

14 

IS 




56-8 

18-0 

45-9 

262 

12 

12 

18 

SI 



46-4 

58-6 

20-0 

49-7 

241 

24 

25 

25 

. M * 

SI IS 


426 

51*4 

28*0 

52*2 

245 

80 

80 

80 
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mechanical properties fiS these h^h carbon steeU, ' under 
{^ven conditions of heat treatment, is not nearly so marked 
as it is with steels of lower carbon contait. 


Tabjse X. 

' Meehanicd Properties of High Carbon Steels. 
Analysis. 


No. 

Oarboo 

% 

silicon 

% 

Manganese 

Chromium 

% 

Nickel 

% 

1 

o-oa 

017 

083 

181 

045 

2 

108 

017 

0-84 

181 

0*50 

8 

M8 

010 

0-29 

131 

045 

4 

142 

012 

0*35 

181 

044 


Tests (Bars treated : IJ* diameter.) 



Treatment 

Yield 
Point, 
tons per 
8q. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonsa* 

tion 

per cent 
on 2 1ns. 

Reduc- 
tion 
of Area 
per cent 

Brlnell 

Hard- 

ness 

Number. 

Izod 
Impact, 
ft Ibi. 

1 

A.H.900'’C. 

W.Q. 650° C. 

80*0 

59*0 

10-0 

18*3 

265 

9 8 8 



„ 700° C. 

85°6 

53-8 

18-5 

86*4 

255 

7 7 10* 



„ 750° C. 

41-2 

53-5 

190 

89*2 

241 

14 18 17 

2 

A-HSOO'C. 

W.Q. 650° C. 

44°4 

624 

7*0 

10*1 

285 

11 9 22 


M 

„ 700° C. 

880 

56-6 

17-5 

29*1 

277 

17 16 21 


19 

„ 750° C. 

44-0 

57-8 

14-5 

29*1 

265 

18 9 15 

8 

A.H.000’C. 

W.Q. 650° C. 

40-8 

61-6 

8°0 

11*8 

285 

15 17 — 


>» 

„ 700° C. 

40°8 

58-2 

15*5 

80*6 

277 

17 11 — 


99 

„ 750° C. 

800 

56-8 

15*0 

26*1 

265 

15 10 16 

4 

A.H. 900° C. 

W.Q. 650° C. 

88-0 

61-.9 

7*0 

18*4 

802 

11 5 5 


>1 

„ 700° C. 

40°8 

59-7 

10*0 

18*8 

285 

8 8 — 


>» 

„ 750° C. 

88-6 

58*9 

10*0 

18*8 

281 

5 14 5 


Hardening Temperature. It will be noticed from 
the diagrams and figures given that the hardaaing temp^toref, 
required for stainless steels of the type described vtuies some* 
what with the carbon and chronuum contents of tbe material 
to be treated. For the mildest steels or stainless irons, and 
alw those of somewhat higher carbon contoit, i.e., 0*1$ to 
0*20 par cent., air cooling or oil, quenching from OM’C. pro- 
vides a suitaUe method. At idraut 0*2$ po* cent, oaa^n, . 
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the tc^mpemture may vnth adi^«;^ge be dropped to 925‘^C, 
and to 900®C* isdth 0*8 per cent* carbon and upwards if the 
chromium content is in the neighbourhood of 12 per cent* 
When the latter is raised to 14 per cent, or thereabouts, it 
may be advantageous to adopt 9W®C. for all carbon contents, 
owing to the general action of chromium in raising th^ Ac*l 
point and retarding the solution of the carbide in the steel. 

The effect of 'varying hardening temperature on the 
resistance to corrosion will be dealt with in a later chapter, 
but the effect on the mechanical properties of increasing the 
hardening temperature may be briefly dealt with here. 

In Chapter II, the progressive solution of the carbide 
in the steel, as the latter is heated through the range of a 
hundred and fifty degrees or so above the Ac.l point, was 
described, and also its effect on the hardness of samples 
quenched in this range. Owing probably to this gradual 
solution of the carbide, the air hardening capacity of the 
steel also increases as the temperature, from which air cooling 
takes place, rises through the same range. The solution of 
the additional carbide appears also to increase the tensile 
strength of the steel after tempering at a given temperature 
so that if bars of the same steel are hardened, for example, at 
900®, 950®, and 1,000®C., not only would the samples hardened 
at the higher temperatures be somewhat harder than those 
hardened at the lower temperatures (and also, incidentally, 
* would harden at slower rates of cooling) but in addition, if 
the samples so treated were tempered together at, for 
example, 700° C., the one hardened at 900° C. would have 
the lowest and that hardened at 1,000° C. the highest 
hardness and tensile strength. The greater hardness obtained, 
after tempering, from samples quenched at higher tempera- 
tures was noted in connection with high carbon steel (page 
58, and Fig. 88) and is also illustrated by the curves in Fig. 
72, in which are plotted the Brinell hardness numbers 
obtained from samples of a steel containing 


Carbon 0*82 per cent. 

Silicon ...... 0*26 per cent. 

Manganese 0*29 per cent. 

Chromium 12*2 per cent. 

Nickel 0*85 per cent* 


which had been oil quenched ftrom 900° and 1,050® C* 
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respectively. In all cases, the samples quenched at high and 
low temperatures were tempered together in the same 
furnace. It will be seen that the hardness of the samples 



Fio. 72. Effect of hardening temperature on the subsequent tempering 
of stainless steel (0'32 per cent, carbon and 12*2 per cent, chromium). 

Curve A. Hardened at 900°C. 

Curve B. „ „ 1,050®C. 


Table XI. 

Effect of Hardening Temperature on Hardness and 
Toughness of Stainless Steel, 

(Bars treated : 1 diameter.) 


Carbon 

% 

silicon 

% 

Manganese 

* Chromium 
% 

Nickel 

% 

0-25 

018 

0-22 

12-5 

0-21 



Brlnell Hardness Na 

Calculated 

Maximum 

Stress. 

tons per sq. in. 

^ laod Hn&t 
ft lbs. 

Treatment 

Alter 

Hardening. 

Alter 

Tempering. 

A.H.900*C.W.Q.700'*C. 

430 

228 

30 

85 80 80 

A.H.M0“C. 

477 

241 

52 

47 07 71 

A.H. 1,000® C. „ 

532 

248 

54 

80 85 85 
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quenched from the higher .t^Jmperature remains steadily 
above that of the other samples until the tempering tem- 
perature reaches the Ac.l point. 

The influence of the hardening temperature on the 
mechanical properties is also illustrated by the figures given 
in Table XI, which show, in addition, that the increased 
hardness produced by the higher quenching temperature is 
accompanied by a* notable decrease in toughness. This, of 
course, is in line with what occurs with other types of steel. 

Similar results are obtainable from even the low carbon 
stainless irons, though in this case, the drop in toughness may 
not be so noticeable. It is quite perceptible, however, with 
a steel containing 0-16 per cent, carbon as will be seen from 
the figures given in Table XII. 


Table XII, 


Effect of Hardening Temperature on the Hardness and 
Toughness of Mild Stainless Steel. 

(Bar treated : IJ" diameter) 


C*rboQ 

1 Silicon 

Manganese 

Chronimm 

Nickel 

% 

! % 

% 

% 1 

% 

0*16 

0-52 

0-27 

130 

0-31 


Treatment 

Yield 
' Point, 
tons per 
sq. Inch! 

Max. jElonga- 
Stxese, i tion 
tons per % 
gq. Inch on 2 ins 

Reduc- 

tion 

of Area 
% 

Brlnoll 

Hardness No. 

1 

, Izod 

Impact, 

! ft lbs. 

Hard’d.j Temp’d 

O.H. 900** W.Q. 760** C. 

340 

4i-2 1 

330 1 

67-8 

i 

336 I 196 

no 111 no 

O.H. 900** 

40-8 

47-8 1 

28-0 

6.5-8 

402 ! 217 

96 108 93 

O.H, 1,000** „ 

42-0 

491 

26-0 j 

63-6 

' 444 1 236 

82 93 96 


These two tables illustrate the effect of raising the 
hardening temperature above that generally employed. 
On the other hand, if a lower temperature than this be 
used, but one still above that at which the Ac.l change 
occurs, effects more or less opposite in character are 
produced* The steel hardens to a limited extent only and 
on subsequent tempering, ^e.g., at TQO^C., becomes softer 
.than it would have hem if hardened effectively prior to 
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tempering. The effects of using such a low hardening 
temperature are illustrated in Table XIII. Although such 
a procedure is not to be recommended as a final heat treat* 
ment operation (the mechanical properties of any steel, when 
it has been only partially hardened before tempering are not 
so good as if it had been fully hardened), it may have obvious 
advantages as an intermediate treatment, e.g., during cold 
working operations or before machining, when a softer 
material than that ordinarily obtained either by hardening 
and tempering or by simply tempering a rolled bar or forging 
is desirable, and annealing (see page 115) is not convenient^ 
In such cases, the low yield point of the material treated ii| 
this manner is advantageous. \ 


Table XIII. 

Effect of Partial Hardening on the Hardness of 
Tempered Stainless Steel, 


Carbon 

silicon 

Manganese 

Chromium 

Nickel 

% 

% 

% 

% 

% 

0-22 

018 

014 

18-0 

j 0‘60 


Rolled Bar (Ij" diameter). Briiiell Hardness No., as rolled, 555, 


! Yield 

1 Point, 

Treatment. j tons per 

’ j sq. inch. 

Maximum 
Stress, 
tons per 
aq, inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brlnell 
Hardness No. 

49 

Izod 
Impact, 
ft. lbs. 

Hard’d. 

Temp’d. 

W.Q. 700° C 

' 470 

63*8 1 

21*0 

64*6 

I 

266 

64 63 62 

A.H. 950° W.Q. 700° C. 

1 48-3 

60*1 ! 

23*0 

64*6 

477 

241 

66 56 53 

A.H. 860° 

22*0 

45*7 

27*5 

63*6 

269 

*212 

69 67 63 


Effect of Size of Bar on Impact Tests, It 

was stated on page 100 that the results of mechanical tests 
obtained on bars of stainless material of about one inch 
diameter could be applied with certain restrictions, to bals 
five or six times that size. With regard to the tensile tests, 
the results on the larger bars will be very similar to those on 
the one inch bars except that, under similar conditions of 
treatment, slightly lower values of the tensile strength may be 
obtained from the larger bars, .The impact values obtained, 
however, tend to fall off when the size of bar exceeds two or 
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three inches diameter. As 4ti illustration, the following 
results obtained on steel of the following analysis : — 


Carbon ... 
Silicon .... 
Manganese 
Chromium 
Nickel ... 


0*60 per cent. 
0*17 per cent. 
0*28 per cent. 
12*4 per cent. 
0*55 per cent. 


may be quoted. Test A was obtained from a bar ij inches 
diameter, while test B was taken from another, 4 inches 
diameter, made from the same 12 inch square ingot. The 
heat treatment (O.H. 900°C., W.Q. 700®C.) was the same in 
each case. 



Yield 
Point, 
tons per 
sq. inch. 

Maximum 
Stress, 
tons per 
SQ. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Keduc- 
iion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Kumber. 

Izod 
Impact, 
ft. lbs. 

A (IJ'" diameter) 

B. (4" diameter) 

39-4 

390 

51-6 

510 

240 
i 25*5 

59-8 
i 57 0 

241 

241 

' 

73 65 — 
37 34 81 


The effect is due not so much to the difference in size of 
the pieces during the heat-treatment operation but probably 
to the fact that the larger bar has had less mechanical work 
during its manufacture. 

From an examination of all the results of the mechanical 
tests which have been given it will be evident that the 
properties of the type of stainless steel under discussion 
compare very favourably with those of the very highest 
qualities of structural alloy steels. It will also be evident 
that the range of hardness and tensile strength available is 
ample for most engineering purposes. 

Tests on Annealed Material. It has been pointed 
out earlier that the slow cooling of stainless steels, from 
temperatures above the carbon change point, produces 
structural results comparable with those obtained by 
the normalising, or slower cooling, of carbon steels. The 
mechanical properties of such annealed stainless material 
are also similar to those of normalised carbon steel and are 
characterised, when compared with the tests obtained from 
the same material when hardened and tempered, by low 
vsdues of tensile strength and peld point, the fall in the latter 




116 


STAINLESS IRON AND STEEL 


being especially marked. The toughness and ductility 
values of annealed stainless steels depend to a very great 
extent on the temperature used for annealing. 

The influence of annealing temperature on the micro- 
stnicture of the annealed sample was pointed out on page 
48. The two types of structure referred to as “ pearlitic ” 
and “globular/’ obtained by annealing respectively at 
temperatures high enough to dissolve the whole of the 
carbide and in the range of temperature above Ac.l in which 
the carbide is not wholly dissolved, are so widely different 
that it would be expected the mechanical properties given byj 
any one steel would vary with the type of structure obtained.! 
The results obtained on a series of steels of differing carbon \ 
content after annealing at 880'’ and at 1,050® C., respect- 
ively are given in Table XIV. 


Table XIV. 

Mechanical Properties of Annealed Stainless Steel, 


Composition. 

Treatment. 

YicM 1 
Point, 
tons per 
«q. inch 

Max. 
Stresr, 
tons per 
sq. inch 

Elonga- 

tion 

% 

on ins. 

lleduc- 

tlon 

of Area 
% 

Brinell 

Hard- 

ness 

No. 

Izod 
Impact, 
ft. lbs. 

Car- 

bon. 

/O 

Chro- 
1 mlum. 
% 

0*10 

n .o J 

Annealed 880° C. 

10*6 

29*8 

37-0 

67*8 

137 

71 96 73 



AnnciJcd 1,060° C. 

22-0 

30*3 

40*0 

73*6 

137 

39 41 20 

n.ii 

n.ftj 

Annealed 880° C. 

17-2 

36*8 

34-0 

66*8 

163 

27 27 27 



Annealed 1,060° C. 

22*4 

37*1 

27*6 

66*8 

170 

16 16 — 

0-23 


Annealed 880° C. 

19*0 

38*6 

32*0 

69-8 

179 

40 26 — 

L 

Annealed 1,050° C. 

22*0 

41*3 

26*0 

47*2 

192 

8 6 8 

0-32 

12 . 7 / 

Annealed 880° C, I 

18*4 

41*1 

29*0 

65*8 

179 

23 15 — 

lib i S ; 

Annealed 1,050° C. 

22*0 

•46*6 

24*0 

44*6 

202 

3 3 — 


These results show the gradual increase in tensile strength 
and hardness accompanying an increase in carbon content. 
They also bring out very clearly the difference in the 
mechanical properties associated with the globular anil 
pearlitic types of structure. This difference is least with the 
lowest carbon content, though one may note the big drop 
in the toughness value of this steel brought about by annealing 
at the high temperature. With the higher carbon steels, the 
differences are more marked and one may especially note 
the higher tensile strengths of the pearlitic samples and 
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their very low toughness vahife. One niay also observe 
that the samples annealed at 880® C. are not particularly 
tough when compared with the results obtained by 
hardening and tempering, especially if the low tensile strength 
of the annealed samples be taken into account. 

Temper Brittleness. It is well known to makars and 
users of nickel chromium steels, and to a less extent of nickel 
steels, that there *are certain limitations which have to be 
observed in the tempering of such steels if maximum 
toughness, consistent with required tensile strength, is 
to be obtained from them. Thus it is found that if samples 
of a nickel chromium steel arc hardened and then tempered 
at successively higher temperatures, the toughness value does 
not increase xiniformly with the tempering temperature. 
A sample tempered at 200® C. will be noticeably tougher 
than the untempered steel, but one ten^pered at 300® C. will 
be distinctly less tough than that tempered at 200® C. and 
probably less tougli even than the untempered steel. Further, 
with increasing tempering temperature above 300® C., the 
toughness value only rises slowly until about 550® C., aftet 
which it rises sharply. Moreover, the toughness of samples 
tempered at higher temperatures, e.g., 600® or 650® C., 
depends to a large extent on the rate at which they are 
cooled after tempering. If quenched from the tempering 
heat they give a fine grey fracture and a high impact 
value ; on the other hand, if slowly cooled, they give 
a crystalline fracture and a low impact value, although the 
tensile strength may be the same in both cases. The difference 
in impact value is often very large, thus the figure from the 
rapidly cooled sample may be ten or twenty times the value 
from the slowly cooled piece. 

These characteristics are found in some degree in other 
alloy steels (though generally to a less marked extent than in 
nickel chromium steels) and they may also be produced in 
carbon steels. It is important, therefore, to see to what 
extent they are found in stainless steels. As in thcvSe steels, 
the actual tempering temperatures used to obtain given 
effects differ from those in ordinary nickel and nickel 
chromium steels, the question may be explored under two 
heads : — 

, (a) In the range up •to 500® C., in which the tensile 

strength does not materially alter, does the impact value 
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increase regularly or is there any intermediate maximum 
value ? 

(b) Does the rate of cooling of samples tempered at 
600® C., or above, alter the impact value obtained ? 

With regard to (a) it may be said definitely that the 
impact value does not generally increase uniformly with 
tempering temperature. Most samples give a maximum 
impact value when tempered between 200° and 400® C., so 
that increasing the temperature up to 500®C. tends to lower 
this value. There is, however ,^not the same regular variation 
in the impact value among different casts of stainless steel 
as there is, for example, with nickel chromium steels tempered 
at 200® and 800®C. Practically every piece of nickel chrome 
steel will show a drop in impact value after tempering at 
800®C. In the case of stainless steel, some casts show 
a distinct drop in impact value when the tempering tem- 
perature is raised from 400® C. to 500° C., while with others, 
the toughness remains constant or even increases. Speaking 
generally, however, tempering in the range 200® to 400°C. is 
more likely to give maximum toughness for hardened material 
than tempering at 500® C., and, as a general working 
temperature, 800° C. would probably be suitable. Figs. 73 
and 74 show the results obtained from a variety of stainless 
steels and indicate the type of results obtained on tempering 
in this range. 

The other phase of temper brittleness, as set out in 


Table XV. 

Effect of Rate of Cooling after Tempering on Impact Value. 



* 

Brinell 

laod Impact, 

Cast 

How Cooled. 

Hardness Xo. 

ft. 

lbs. 

R. 1,051 

/Quickly 

251 

45 

45 — 

\ Slowly 

251 

22 

21 20 

R. 1,057 

/Quickly 

\Slowly 

241- 

285 

44 

25 

88 88^ 
128 25 

R. 1,069 

/Quickly ... 

255 

85 

88 80 

\ Slowly 

246 

19 

19 19 

R. 1,081 

r^cldy 

258 

*7 

44 86 

XSlovdy . 

255 

87 

88 80 
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100* 200* 300* 400* 300* 

TEMPERATURE 


Fra. 73. Impact values obtained from hardened stainless steeb after 
lupering up to SOO^C . : — 



Carbon, 

Chromium, 

How 

Average Brinell 
Hardness 

Carve. 

% 

% 

Hardened. 

No. 

A. 

0*09 

11*3 

O.H. 950** 

376 

B. 

016 

130 

O.H. 959** 

430 

C. 

017 

14*4 

O.H. 950** 

410 

D. 

0*23 

12*6 

A.H. 960** 

437 



TEMPERATURES 


Fio. 74. Impact values obtained from hardened stainless steeb idter 
tempering up to W°C. : — 





Average Brin< 


Carbon, 

Chromium, 

How 

Hardness 

Curve. 

% 

% 

Hardened. 

No. 

£. 

0*28 

n-7 

AsHsOOG** 

444 

F. 

0*29 

,11*7 

A.H. 960** 

444 

O. 

0-32 

n*2 

A.H. 900** 

444 

JtL 

0*60 

12*2 

A.H. 900** 

477 
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paragraph (6)»page 118, is also found in stainless steel, though 
to a less degree than in nickel chromium steels. Thus the 
results given in Table XV were obtained on four casts of 
stainless steel containing 0*30 to 0*81 per cent, carbon. The 
samples were air hardened from OOO'^C., and then tempered 
at 700^C. The quickly cooled samples were quenched in 
water while the others were slowly cooled in a furnace, the 
time taken to cool to 400°C. being 10 to l2 hours. 

A noticeable feature of the temper brittleness found in 
nickel chromium steels is that the susceptibility of different 
casts to the effect of rate of cooling after tempering varies 
considerably. Some casts very easily become brittle while 
other casts of the same chemical composition can be cooled 
at comparatively slow rates and still retain their toughness. 
A similar remark applies to stainless material ; some casts 
of the steel are more susceptible than others. Thus each of 
the two casts of steel on whi(‘h tests are given in Table XVI, 


Table XVI. 


Cast. 

Carbon 

i 

Silicon 

% 

Manganese 

Chromium 

% 

Nickel 

% 

A. 

B. 




m 

0-20 

0^21 


Yield 
i Point, 

1 tons per 
! sq. Inch. 

Maximum 
Stress, 
tons per 
$Q. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Beduc- 
tlon 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. 

Izod 
Impact, 
ft lbs. 

A. 

A.H. 925” W.Q. 700” C. 

48*6 

58*5^ 

22-5 

60-4 

248 

82 78 75 


„ A.C. 700” C. 

; — 

— ' 

— 

— 

241 

45 45 51 

B. 

A.H. 925” W.Q. 700” C. 

i 45*6 

52-6 

270 

60-4 

241 

64 66 68 


„ A.C. 700” C. 

; 


— 


255 

64 62 68 


when quenched in water after tempering, gave very high 
impact values as shown. With the slower rate of cooling 5 
obtained by allowing the bars (which were 1 J ins, diameter) 
to ^cool freely in the air from the tempering temperature, 
the impact value of one was lowered appreciably while the 
other was quite unaffected. 

^ It will thus be seen that the temper brittleness found in 
stainless steels has the same peculiarities as that found in 
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nickel chromium steels and, as with the latter steels, although 
the precautions necessary to avoid its ill effects are known 
and can be applied to the various products, the actual 
cause of the brittleness is still unknown. 

High Chromium Irons and Steels. The lessened 
hardening capacity of the stainless irons containing more 
than about 14 per cent, chrornium has already been described 
in the preceding chapter ; as a consequence of this lessened 
capacity, the tensile strength obtained after hardening and 
tempering such material is not so high as with the lower 
chromium irons ; also, probably for the same reason, the 
high chromium irons have a lower ratio of yield point to 
maximum stress than those with less chromium, the values 

Table XVII. 


Mechanical Properties of High Chromium Irons, 

(Bars inch diameter, hardened and tempered.) 


Carbon 

ChroTiiium 

/o 

i Yield 
! Point, 

1 tons per 
j sq. inch. 

Maximum 
Stress, 
ton.H per 
sq. inch. 

1 

! JCIoTjRa- 
tioii 

j per cent. 

J on 2 ms. 

Jieduc- ! 

tion 
of A rca 
l>cr cent. 

Izod 

Impact, 
ft. IbB. 

0-08 

14*8 1 

240 

87*2 

32-5 

67*8 

00 

89 

98 

O’lO 

14-4 1 

29‘6 

87*2 

38*0 

69*8 

100 

97 

97 

0*07 

14-9 ! 

28-8 

85*8 

84*0 

67*8 

75 

65 

78 

014 

15-2 1 

19-4 

84*5 

340 

67*8 

73 

59 

65 

0*10 

15-4 j 

220 

31*4 

40 0 

78*6 

4 

5 

4 

009 

15-5 1 

180 i 

81*8 j 

36*5 

65*8 

85 

62 

86 

0-09 i 

15*5 ! 

22-9 ! 

32*4 1 

38*0 

70*8 

9 

11 

9 

0*17 1 

15-9 j 

26-0 ! 

36*8 

34*0 

62*6 

65 

65 

73 

007 

160 ' 

23-6 j 

35*8 1 

31*0 

61*5 

85 

25 

30 

009 

161 

180 

29*8 

39*0 

69*8 

15 

18 

— 

0*11 

17*1 

20-8 

80*2 

38*0 

67*8 

4 

4 

5 

010 

17-9 

180 

27*8 

40*5 

66*8 

8 

8 

3 

010 

20-4 1 

18*4 

27*9 

84*0 

49*7 

8 

2 

8 

009 

22*8 

20*4 

28*2 j 

1 

21 0 

26*1 

3 

8 

8 


obtained being similar to those of the annealed forms of the 
latter material. Typical properties are indicated in the 
tests given in Table XVII and these show that with a 
chromium content up to about 15 per cent,, very tough, 
ductile material is obtainable. If more chromium than this 
’ is present however, the irons no longer possess the property 
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of great toughness, which is so characteristic of the lower 
chromium irons ; individual casts containing between about 
IS and 16 per cent, may be satisfactorily tough, as is shown 
by some of the tests in Table XVII, but more often than not 
the material possesses an Izod value of only a few foot-pounds, 
no matter how it be heat treated. 

As a further consequence of their lack of hardening 
power, it is not possible to vary their tensile strength to 
any extent by heat treatment ; this is illustrated by the 
tests given in Tables XVIII and XIX. It is generally 
advisable, however, to temper these irons at 700° C., or 
thereabouts, after they have been air-cooled or quenched, from 
high temperatures, e.g., after ordinary forging or rolling 
operations, because the untempered material may be 
noticeably deficient in ductility and even less tough than 
usual. 


Table XVIII. 

Mechanical Properties of High Chromium Iron. 
(Bars treated : 1^'' diameter). 


Carbon 

% 

Silicon 

% 

Kan^nese 

Chromium 

% 

1 ^Mckel 

% 

0-09 

0*36 

0-22 

15*5 

0-39 


Treatment. 

Yield 
Point, 
tons per 
aq. inch. 

Maximum 
StresB, 
lone per 
Bq. inch. 

Elonga- 
.ition 
per cent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

nesB 

Number. 

Izod 
Impact, 
ft. lbs. 

A.H.950“C 

27*2 

34-8 

29*5 

55-8 

179 

7 

4 

6 

>> 

W.Q. 600® C, 

26-4 

352 



187 

7 

4 

5 

if 

,, 600° C. 

24-0 

82-4 


71*8 

166 

7 

7 

7 

»» 


22-9 

82*4 



153 

9 

11 

9 

»» 

„ 800° C. 

imu 



73-6 

149 

5 

4 

i 


The tests in Tables XVIII and XIX show that the 
characteristic features of these very high chromium irons 
are low tensile strength and yield point and very low Izod 
values. The first two may be raised, as in other metals, by 
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Tabus XJtSL 

M^dumical Properties of High Chromium Iron. 

(Bars treated : diameter). 


Ctrbon 

% ■ 

1 Siaoon 

. % 

Man^oBe 

Oiromium 

% 

Klokel 

010 

0-22 

0*23 

17*9 

0-28 


Treatment. 

Yield 
Point, 
tons per 
aq. iuuli. 

Maximum 
Htress, 
tons per 
sq. inch. 

Klonsa- 

tion 

pcrcjent. 
on 2 ins. 

Seduc- 
tion 
of Area 
per cent. 

Brlneli 

Hard- 

ne»8 

Number. 

Izod 
Impact, 
ft. Iba. 

A-HOSO^C 

20-9 

30*8 

30 0 

44*6 

156 

3 

3 3 

?> 

W.Q. 500“ C. 

21-6 

31*2 

32*0 

61-5 

166 

3 

3 3 


„ 600° C. 

21*6 

29*0 

370 

65-6 

156 

5 

4 5 

I » 

„ 700° C. 

18*0 

27-8 

40*5 

66-8 

156 

3 

3 3 

>» 

„ 800° C. 

20-0 

290 

370 

64^8 

163 

4 

4 4 


cold working operations, but the latter seems to be an almost 
inherent feature of the high chromium ferrite which forms 
by far the greater part of their structure. It appears to be 
connected with the fact that this constituent possesses 
strongly defined cleavage planes. Figs. 75 and 76 are of 
interest in this connection ; they are taken from a broken 
tensile test piece of iron containing 0*08 per cent, carbon, 
0-18 per cent, silicon, 0*05 per cent, manganese, 15*4 per 
cent, chromium and 0’28 per cent, nickel which had been 
oil hardened at 1,000°C. and then tempered at 700®C., and 
represent the structure close to the actual tensile fracture. 
The cracks in the ferrite grains, so obviously following well 
marked cleavage plmies, suggest very strongly a brittle 
material. 

Probably the chief use of these very high chromium 
irons will be in the form of sheets, etc., for domestic or oma* 
mental purposes, for which their great softness, when annealed 
or tonpered, and their great res&tance to corrosiem, make 
them particularly suitable. . Tli^y may be eedd worked with 
ease (for comparison in this respect with the austenitie 
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chromium-nickel steels, see page 154) and in the form of thin 
slieets cold pressed to a very considerable extent. 

The properties of higher carbon steels, containing more 
than about 15/16 per cent, chromium depend largely on 
whether their composition lies in the range of hardenable 
steels 6r not. An example of the former is given in Table 
XX while Table XXI details the results obtained on a few 
which belong to the unhardenable variety* The latter, like 
the high chromium irons, possess very low impact values 
and it docs not seem to be possible to improve these values 
by any form of heat treatment. Steels of the hardenable 
type, such as that described in Table XX are not used to 
any great extent. Owing to their high carbon content, 
necessary to make them amenable to heat treatment, they 
are not greatly superior in their corrosion resisting powers to 
material of lower chromium and carbon contents which may 
be heat treated to give similar mechanical properties. This 
is due to the fact that a large amount of the chromium in 
such steels exists, after hardening and tempering or annealing, 
as particles of carbide which arc distributed through the 
ferrite matrix and, in this form, chromium is not useful for 
promoting resistance to corrosion, see Chapter V, 

Table XX. 

Mechanical Properties of Hardenable Chromium Steel, 
(Bars treated : diameter). 


Carbon 

% 

Silicon 

% 

Manganese' 

% 

Chromium 

% 

Nickel 

% 

0-58 

0-22 

0-29 

16*8 

— 


Treatment. 

Yield 
Point, 
tons per 
sq. inch. 

Maximum 

1 Stress, 
tons per 
sq. Inch. 

1 Elonga* 
tion 

percent, 
on 2 Ins. 

t Eeduc- 
tlon 
of Area 
per cent. 

L 

Brinell 

Hard- 

ness 

Number. 

1 Isod 

j Impact, 

ft. lbs. 

O.H.900''W.Q.650‘’C. 

700“ C. 

750“ C. 

» 800“ C. 

460 
41 “8 
88*0 
84*4 

56*0 

58*8 

51-5 

500 

190 

190 

22-5 

26'0 

40*6 
41*9 
45*9 i 
47*2 i 

i 

262 ! 
255 i 
228 
285 I 

1 

17 15 16 
22 17 19 
26 26 24 
24 28 24 
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Table XXL 

Mechanical Properties of Non-Hardenable Hi^h Chromium 

Steels, 


No. 

Carbon 

Silicon 

% 

ftfantnnefic 

% 

Chromiiim 

-■0 

Nickel 

1 

0-28 

« 0*44 

0*44 

18*0 

0*27 

2 

0-21 

0-86 

0*18 

20*1 

0-26 

3 

0*26 

0*56 

0*17 

23*6 

0*40 

4 

0*42 

0-78 

0*32 

250 

0*48 

5 

0-24 

0*63 

0*50 

28*1 

0*26 

6 

1*03 

0*34 

! 0*12 

29*9 

0*22 

7 

0*19 

0*81 

0-38 

35*4 

■ 0*36 


No. 

Treatment. 

Yield 
Point, 
tons per 
sq. inch. 

Mamium 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Rcduc. 

tion 
of Area 
per cent. 

Uod 

Tmpaot, 
it. lbs. 

1 

O.H. 950° C. W.Q. 700° C. 

17*9 

35*0 

31*0 

,57 0 

15 

12 

15 

2 

O.H. 1000°C. „ 

26*4 

37*0 

28-0 

61*0 

5 

3 

4 

8 

A.H. 950° C. „ „ 

— 

37-2 

28 0 

49*7 

2 

o 

2 

4 

As rolled 

37*8 

47*2 

21*5 

39-2 

3 

8 

2 


W.Q. 1000° C 

260 

42*8 

26*5 

51-0 

1 

2 

1 

5 

As rollc<l 

30*5 

41*3 

22*0 

45-9 

2 

2 

3 


Annealed 825° C 

25*6 

37*8 

300 

52*2 

3 

8 

8 


„ 930° C 

21*6 

37*4 

31*0 

55*8 

2 

2 

2 

6 

A.H. 950° C. W.Q. 700° C. 

24*0 

45*2 

7-5 

6-7 

1 

1 

1 

7 

W.Q. 800° C 

32*8 

38*8 

28*0 

45*9 

3 

3 

4 


Modulus of Elasticity in Tension (Young’s 
Modulus). The results given in Table XXII and obtained 
from a series of stainless steels with differing carbon content, 
show that the value of Young’s Modulus of stainless steel 
is similar to, though possibly somewhat higher than, that 
of carbon steel, The bars in all cases were oil hardened, 
sample A from 1,000'’ C., the others from 950^ C., and then 
fully tempered at 700° to 725° C. 

Determinations have also been made at Woolwich 
Arsenal on a series of steels* which had been oil hardened 
and tempered at various temperatures. In most cases the 
steels were hardened both from 950° and 1,000° C. and 

* ** Metalluigtcal Data on Stainlem Steels.** H. H. Abnun. Ckem, da ifd* 
sinq., Voi XXX, p. 430 am\. 
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Table XXII. 


ModtUus of Elasticity in Tension of 12ll4 per cent. 
Chromium Steels. 


'■ 

A. 

B. 

c. 

D, 

E. 

Carbon % 

009 

012 

017 

0-21 

0*28 

Chromium % ... 

120 

121 

14-4 

115 

12*8 

Max. Stress (tons 
per sq. inch) ... 

1 

48*5 

i 41*8 

44-6 

58-4 

50-2 

M^ulus of Elas- 
ticity (lbs. per 
sq. inch) 

! 

I 1 

29-6xl0®j80-8xl0« 

29-8x10® 

80-2x10® 

80-6x10® 


Table XXIII. 

Modulus of Elasticity in Tension of 12 1 14 per cent. 
Chromium Steels {Second Series). 


Steel. 

Carbon. 

% 

silicon. 

% 

Chromium. 

% 

llanse of Tensile 
Strengths 

Tons per sq. Inch. 

Mean Value of 
Young's Modulus, 
Lbs. per sq. Inch. 

1. 

010 

008 

12-85 

41-3 to 52-5 

31 7 

10® 

2. 

015 

Oil 

185 

i 43-6 to 59-8 

31-2 

10® 

8. 

017 

1 35 

18-9 

1 42-4 to 57-6 

29-6 

10* 

4. 

081 

031 

14-2 j 

1 48-7 to 67-7 

32-1 

10® 

5. 

0-35 

1-43 

14-7 

53-7 to 69-7 

320 

10* 

6. 

0-48 

018 

12 87 

50-4 to 68-9 

82 3 

10® 


temperatures of 600"^, 650° and 700° C. used for tempering. 
The range of tensile strength obtained from each steel and 
also the mean value of the modulus, is given in Table XXIII. 

These values are in good agreement with those given in 
Table XXII. 

Modulus of Elasticity in Shear.- The figures 
obtainable from stainless steel are indicated by the results 
of the following torsion test on material containing 

Carbon 0-25 per cent. 

Silicon 0'18 per cent. 

Manganese 0*22 per cent. 

Chromium ^ 12*5 per cent. 

Nickel 0-21 per cent. 
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The test bar was air lmrde]ied>f3bem 925® C. and tempered 
at 675®C, and gave a Brinell hardness number of 255, corre- 
sponding to a tensile strength of 55 tons per square inch. 

Stress at Limit of Proportionality ...16-0 tons per square inch. 

Stress at Yield Point 82*9 „ „ „ 

Maximum Stress 47*8 „ „ „ • 

Total Twist in V (Test piece 0*5^ dia,)..1140 degrees. 

Modulus of Elasticity in Shear ...12*5 x 10® lbs. per sq. inch. 

Effects of Cold Work. 

It is not intended to describe here the conditions under 
which high chromium irons and steels may be cold- worked in 
various ways, some consideration will be given to this in a 
later chapter, but to set out some of the properties of cold 
worked material and the effects of heat treatment thereon. 

Most, if not all, metals harden when cold-worked ; but 
they do not all harden at the same rate. As this point is 
of considerable importance in the application of cold- working 
operations to different metals, particularly in connection with 
different types of stainless steels, it may be useful to consider 
briefly a method for comparing the rate at which different 
metals harden when submitted to cold work. In looking for 
such a method, it was considered desirable that it should be 
readily standardised, be easily applied, require only a small 
amount of material and give indications which would dis- 
tinguish readily different capacities for work-hardening, 
The following method appears to fulfil these conditions. 
Small cylinders of standardised size, that adopted being 
0*95 inches long and 0-625 inches diameter, were compressed 
10 per cent., 20 per cent., 30 per cent, and occasionally 40 
per cent, and 50 per cent, of their length. The load necessary 
to do this was observed and also the Brinell hardness values 
of the samples before and after compression. As probably 
the hardness of a compressed sample would not be com- 
pletely uniform throughout, the Brinell impression was 
always obtained on a flat, half-an-inch wide, filed or ground 
on the side of the sample. Tests carried out in this manner 
on a number of chromium irons and steels indicate that these 
work-harden at substantially the same rate, irrespective of 
their initial hardness, and moreover that this rate is practically 
the same as that of ordinary mild steel tested under the same 
conditions. For example, the curves in Fig. 77 show the 
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increase in Brinell hardness of ordinary mild steel and qi 
various chromium steels and it is evident that the slope of 
all the curves is substantially the same. 



Fio. 77, Work Hardening Teats. 


irvo. 

Carbon 

0/ 

Silicon 

0/ 

Man- 

ganese 

o/ 

Chro- 

mium 

0/ 

Nickel 

0/ 

Treatment. 

A. 

/o 

0-16 

/o ^ 

0-26 

/o 

0*70 

/o 

/o 

A.H. 900® C. 

B. 

0-10 

0-42 

0-19 

13-5 

0*27 

A.H. 950® C.. T. 700® C 

C. 

0*16 

O-IO 

0-08 

12*0 

0*45 

»» 

I>. 

0-26 

0-19 

0*20 

13*2 

0*65 

1* 

E. 

0-10 

0-31 

0*10 

20*4 

Q-30 



From a corrosion resisting point of view, it is undesirable 
to put into service, in a drastically cold -worked condition, 
an article made of the lower chromium stainless irons and 
steels* The production of very high tensile wire or strip 
from these materials by heavy drawing or rolling is therefore 
not generally to be recommended. This may limit their use 
for certain purposes, but a considerable range of tensile 
strength, probably from about forty to eighty or a hundred 
tons per square inch, may be obtained by judicious combina- 
tions of composition, heat treatment and drawing. As 
giving some indication of the increase in tensile strength 
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produced in wire by given reductions in diameter, Fig. 78 
may be cited. This diagram also indicates that, as in Fig. 77, 
the rate of work-hardening appears to be independent of the 
composition of the steel or of its initial hardness. 

Further details regarding the tensile tests on wires, 
which are plotted in Fig. 78, are given in Table XXiV. 



Fia. 78. Tensile strength of stainless steel wire after drawing. 





Man- 

Chro- 



Curve. 

Carbon 

Silicon 

O/ 

ganese 

0/ 

mium 

0/ 

Nickel 

0/ 

Previous Treatment. 

A. 

% 

0-10 

0*10 

/o 

0-12 

A) 

10*0 

/o ^ 
0-26 

4G. rod, hot rolled and 

T. 700° C. 

B. 

0*10 

0*10 

0-12 

10-6 

0‘26 

lOG. wire, A.H. 950° 0. 

c’ 

0*30 

0-13 

OdS 

13*4 

0-20 

4G. rod, A.H. 950° G, 

T. 000° C. 

•« m a • 1 J 


The effect of reheating work-hardened material to 
gradually inci’easing temperatures is indicated in Fig. 79. 
In this case softening commences between 600°C. and 6S0®C. 

fOTTitiniips with increasing temperature until the material 
commences to harden again owing to the Ac.l change. The 
temperature at which softening commences is, howevra:, 
affected by the degree of -work-hardening to whidi the 
material has previously been submitted. The tests given 
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Tabus XXIV. 

Tensile Tests on Stainless Iron and Steel Wires. 


Mark. 

Carbon 

Silicon 

1 

s 

* 

ChTomiom 

Nickel 

• 

% 

% 

% 

% 

A B 

010 

010 

1 

0*12 

io°e 

0*26 

C 

0*30 

1 

018 

0-15 

* 13*4 

0-20 


Mark. 

Prior Treatment. 

Reduc- 

tion 

% 

Maximum 
Stress, 
tons per 
sq. Inch. 

Elonga- 

tion 

per cent. 
(L=:8D.). 

Redac- 
tion 
oi Area 

% 

A 

4G rod, hot rolled 


" 15-5 

46 

10°5 

69°8 


and T. 700® C. 


300 

52 

11-0 

64°8 




42-5 

53 G 

14*2 

68-7 




53 

58-5 

1 10-0 

59*6 




, 61*5 

59-9 

8-7 

60 0 

B 

lOG. wire, 

1 

" 19 

61-8 

8*7 

57*5 


A . H . 950 ° C. ! 


34 

64*7 

8*45 

57-8 




48 

700 

8-1 

54*6 




60 

780 

7-8 

50-4 



1 

[ 67-5 

81-0 

6-7 

49 

C 

4G. rod, 


r 18-5 

65-5 

10*6 

42 


A . H . 950 ° C ., 


28 

69 

8-75 

40 


T. 600° C. 


42 

75 

8-6 

89 




52-5 

82 

7*7 

81 


in Table XXV on heavily dravm stainless iron wires, show 
that these were softened considerably by reheating at SOO^C. 
Tlie reverse bend test, mentioned in this Table, was carried 
out by holding the sample in a vice, which had the inner 
edges of the jaws round^ to a radius of 5 mm. The pro^ 
jecting aid of the wire was then bent at right' angles to, the 
fixed part, first to one side then to the other, until it broke. 
The number of bends through 180° was noted, the first bend 
throu^ 90° not being counted. 

The material used for this wire was the same as that 
pis^ for the smes of tests given in Tidile 1 (page 101) and 
¥1g. 09 ; it is interesting to note the similarity in ta^sile 
stmigth between the cold-worked samples and those oit 
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haiid^iedi after both had been tempered at the same tempera* 
tures. It would also appear from the results in Table XXV 
that the tensile strength of the cold drawn wire is reduced to 
about eO/65 tons per square inch, on tempering at 600X., 
no matter what its strength was before tempering, providing* of 
course, that the strength, as drawn, exceeded the range 
mentioned. 



Fio. 79. Effect of re-h6ating on the hardness of cold- worked Stainless Iron 
(0-08% carbon, 12*3% chromium). Samples previously compressed 56%. 

Tabu: XXV. 

Tests on Hard Drawn Stainless Iron Wires. 


Carbon 

silicon 

Manganese 

Chromium 

Nickel 

% 

% 

% 

% 

% 

007 

0*08 

012 

11-7 

0«7 


Gauge. 

Diameteri 

inches. 

As Drawn. 

Tempered &00** C. 

Tempered « 00 " c. 

Tempered W c. 

Max. 
Stress, 
tons per 
sq. inch. 

Reverse 

Bend 

Test 

Max. 
Stress, 
tons per 
sq. inch. 

Reverie 

Bend 

Test. 

Max. 
Stress, 
tons per 
■q. Inch. 

Reverse 

Band 

Test 

Max* 

Stress, 

tOttSpM 
sq. inch. 

Reverse 

Bend 

Test 

11 

-Ill 1 

68 

5 

59-5 

6 

46 

8 

86 

2 

u 

-0804 1 

78 

5 

64-5 

n 


16^ 

89-5 

15 

15 

0706 

80 

5 

61 


49 

18 

88 

18 

17 

. '0568 

114 

4 ^ 

*67 

111 



40-5 

27 

18 

'0465 


18 

61 

22 

46 


89 

41 
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The results of a study* of low temperature annealing 
on cold*drawn stainless iron and steel rods are given in 
Table XXVI, The material was in the form of rods, | inch 
diameter, which were commercially described as ‘‘cold 
drawn, ground and polished.” As will be seen, an annealing 
at 800®/875®C., in the case of the stainless iron, or 875®/450°C., 
in the case of the stainless steel, results in a very marked 
improvement of the elastic properties of the cold-drawn 
rods. In this respect, stainless material behaves in a similar 
manner to carbon steels. 

Table XXVI. 

Properties of Cold Drawn Stainless Steels after Annealing 
at Low Temperatures. 



Carbon 

% 

i Silicon 
; % 

Manganese ' 
% 

Chromium 

% 

Nickel 

% 

Stainless Iron 

012 

i 016 

01 6 

12-0 

0*25 

Steel 

()-40 

1 0-52 

0*24. 

130 

006 



Treatment. 

1 ElaHtio 

1 Limit, 

! tons ]Mir 

1 sq. inch. 

Yield 
Point, 
tone per 
sq. inch. 

Tensile Test. 

Max. 1 Elonga- 
Stress, i lion 
tons per i per cent, 
sq. Inch. ' on 2 ins. 

RHduc- 
tion 
of Area 
per cent. 

Compression Test. 

Elastic i Yield 
Limit, i Point, 
tons per i tona per 
sq. inch, ' sq. inch. 

Stainless Iron- 

— 








Cold drawn, as received 

7 

32 

37*2 

28-6 

70 

9 

28 

Ann, 1 hour at 100° C. 

8 

82 

37-2 

28 

70 

9 

28 

If 

11 

200° C. 

14 

32-5 

87*6 

27 

70 

12 

27 

II 

11 

800° C. 

22 

83 

380 

24 

69 

18 

30 

» 

11 

875° C. 

22 

26 

340 

82 

78 

20 

26 

tf 

If 

450° C. 

19 

26 

840 

82 

72 

19 

36 

II 

I* 

650° C. 

18 

: 20 

82*8 

37 

i 74 

16 

21 

Stainless Steel— 





i 



Gold drawn, as 

received 

9 

39 

50-8 

21 

; 50 

7 

85 

Ann, 1 hour at 100° C. 

10 

I 89 , 

30-8 

21 

1 52 

10 

84 

♦1 

If 

200° C. 

i 17 ! 

1 40 1 

51-2 1 

19 I 

! 50 

17 

86 


II 

800° C. 

i 24 

48 ! 

508 1 

20 1 

52 

22 ^ 

87 1 


«i 

875° C. 

29 

I 40 i 

50-4 

21 

52 

26 

855 

f» 

II 

450° C. 

28 , 

89 1 

1 50-4 

22 

58 

i 26. 

35 

i> 

ti 

550° C, 

1 26 

85 1 

49-3 

22-5 

55 

i 26 

885 

II 

II 

660° C. 

' 24 

82 i 

48-4 

25 1 

57 

1 28 

82-5 

*> 1 

It 

780° C. 

! 24 ! 

81 1 

47-6 

26 1 

1 

57 

25 

81*5 


* ** of Low Tompen^tore Aimealing on Some Meohanloal FropeHies *of , 
OoianmwttSteete/’ S,H.Bae8. /.m/.. 1023. VoL H, p. m 



THE INFLUENCE OF OTHER ALLOYS ON THE 
PROPERTIES OF HIGH CHROMIUM STEELS 




CHAPTER IV 


THE INFLUENCE OF OTHEB ALLOYS ON THE PBOPERTIE8 
OF HIGH CHBOMIUM STEELS 

Like ordinary carbon steels, the high chromium steels 
described in the previous chapters, when produced com- 
mercially, contain small amounts of other elements whose 
presence is accidental or more or less unavoidable. As the 
amounts of these elements arc likely to vary to a certain 
extent, it is important to determine how such variations 
are likely to affect the structure and mechanical properties 
of the steels. The most important of such variables in 
these steels are silicon and nickel. Manganese may also 
vary to some extent, though generally not in any very 
great degree. Steels made by aluminothermic processes may 
also contain small but influential amounts of aluminium. 
The presence of these various metals is more or less accidental, 
but the properties of the steel may be appreciably affected 
thereby. 

Besides these accidental differences, however, deliberate 
additions of the metals mentioned above or of others such 
as copper, cobalt, molybdenum and tungsten have been 
suggested, and in a number of cases are regularly used, 
in order to develop special properties in stainless steels. 
Several of the complex steels thus produced have valuable 
properties and their use has developed considerably during 
the past few years. In this chapter, it is intended to sum- 
marise the effects of such additions, whether accidental or 
otherwise, on the structure and physical properties of high 
chromium steels. 

ifl) Chromium-Nickel Steels. 

sdl the metals added to high chromium steels in 
oWer to imioove their properties, nickel is easily tlw mwt 
im pnaftaot - It profoun^y affects the physi<^ properties 
.of 'the steel and has a notable influence on its resistance 
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IM 

to corrosion. The high chromium-nickel steels, in fact, 
form a very important series of corrosion-resisting materials 
and they are also the base of still more complex alloys which 
are being developed to combat particularly severe forms of 
corrosive attack. 

The effect of the addition of nickel to ordinary carbon 
steels is well known ; it lowers the temperatures at which 
the various structural changes occur in ‘the steel and also 
retards quite considerably the rate at which they take 
place on cooling. This is indicated by the widely known 
effect of nickel on the hardening capacity of steel, an effect 
very si mi l ar to that of chromium already described in these 
pages. Thus ordinary mild steel requires cooling at a very 
fast rate if it is to be hardened, so fast indeed that, when 
in the form of a bar one inch or so in diameter, it is impossible 
to cool it quickly enough to harden it completely, even by 
quenching it in cold water. By adding about 8 per 
cent, nickel to the steel, a bar of similar size will harden 
readily if quenched in oil. A larger amount of nickel, e.g., 10 
or 12 per cent., produces an air-hardenening steel while 
still more, 25 per cent, or so, makes the steel 
austenitic. The effect of nickel in thus altering the hardening 
capacity of steel is well summarised in the diagram due to 



Vto. 80. InfiiMiioe of niokid on the etruotoml dhamoteiistice of ateeb (Qoillat). 


Guillet and rq>roduced in Fig. 80 , in which are indicated 
tlw amounts of nickel necmary to produce martenritic 
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(i«e« air hardening) and austenitic the diagram also 

indicates that these amounts are influenced very considerably 
by carbon content. As nickel and chromium^ when added 
singly to steel, alter its hardening capacity in much the 
same way, it is to be expected that the action of one will 
reinforce that of the other when both are present. The 
nickehchromium steel so frequently used for automobile 
and other engineering work is a familiar example of this : 
A steel containing 0*35 per cent, carbon and 3*5 per cent, 
nickel hardens readily when quenched in oil from suitable 
temperatures but is quite soft when air cooled, in the form 
of bars one inch or so in diameter, from the same tem- 
peratures, If the nickel be replaced by about 1*5 per cent, 
chromium, the carbon content remaining the same, the 
material will behave in much the same fashion when similarly 
heat treated. If, however, the steel contains both 3*5 per 
cent, nickel and 1*5 per cent, chromium, it will harden 
when cooled freely in the air from hardening heats, its 
Brinell hardness value in that condition being practically 
the same as when oil quenched from the same temperatures. 
It may be expected therefore that if nickel be added to 
a high chromium steel, the hardening capacity of the latter 
will be increased and finally, with sufficient nickel, the steel 
will become austenitic. According to Strauss and Maurer,* 
the amount of nickel required in a steel of given chromium 
content to produce completely austenitic material is given 
by curve B in Fig. 82 (p. 144) ; the amount is lower, the 
higher the chromium content, as might have been predicted. 

(1) Steels with 12/1 4 per cent. Chromium. 

It will be useful in studying the influence of nickel on 
chromium steels if consideration is first given to the effect 
of increasing gradually the nickel content of steel containing 
12/14 per cent, chromium and about 0*8 per cent, 
carbon. Most commercial samples of this steel, used 
so widely for stainless ” cutlery, contain small amounts 
of nickel, generally less than one per cent. As a rule, this 
nickel is not purposely added but comes from the raw 
materials used in steel making; owing to the prevalence 
in the use of alloy steels for engineering work, much of the 

^ ** iDte Hbohleeieitea OhronmiokeltHahle ah Kiohirostaade StAhle/* 

J^ritppa6he August, 1020, p. 12ft. 
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better quality steel scrap on tbe market contains apptemhle 
quantities of nickel. Tbe nickel thus present lowers the 
temp^tures at which the stiructural changes occur in the 
steel, particularly those on cooling ; it increases the hardening 
capacity of the steel and also retards to some extent its 
tempering after hardening. It may thus alter materially 
the mechanical properties of the material. The effects on 
the hardening and tempering of the steel may be illustrated 
by the curves on Pig. 81, These represent the BrmeU 
hardness numbers obtained from a series of five stainless 
steels in which the nickel content varied from 0*26 to 1*60, 
the composition with regard to other elements being sensibly 
constant. The samples were first oil hardened from 900® C. 
and then tempered at gradually increasing temperatures. 



No. 

Carbon, 

% 

Ohronium, 

% 

Nickel, 

% 

1 

0*34 

11*3 

0-h 

2 

0-38 

11*0 

0-60 

3 

0*33 

110 

0*98 

4 

0-41 

11*2 

1*25 

5 

0^38 

111 

1*60 


Th^ were quendxed out in water from each tempering heat 
and their Brin^l values determined. The results indicate that 
mekd has no apjneciable effect on the hardness of the steel 
ah;^lianimii3g at 900® C. or when subsequacitly. ten^peired up 
to 550® C. Above that tempering temperature, however, the 



I# 

mckel retdid£» the tempering comideii^bly, causing the high 
nickel steels to be distinctly harder alfter tempering at a g^tven 
temperature than those with lower nickel content. In 
addition^ owing to the effect of nickel in lowering the tempera-* 
ture at which the Ac*l change occurs, the tempering range 
of the high nickel steels is considerably shortened ; this, by 
precluding the \ise of the highest tempering temperatures 
possible with a steel of low nickel content, also increases 
the difference between the maximum softness obtainable on 
tempering steels of low and high nickel content. The effect 
is probably cxliibited in the most striking manner by com- 
paring the results obtained from steels Nos. 2 and 5 in 
Fig. 81. These two steels, except for their nickel content, 
are almost identical in analysis. The former with 0*6 per 
cent, nickel, after tempering at 750® to 775® C., gave a 
Brinell hardness number of 215, equivalent to a tensile 
strength of 46 to 47 tons per square inch. On the other 
hand, steel No. 5, with 1 *6 per cent, nickel, reached its maxi- 
mum softness at 720®/740® C., giving a Brinell hardness 
number of 244, equivalent to a tensile strength of 58 tons 
per square inch. Tempering the two steels at 700® C. 
gave hardness numbers of 228 and 255 respectively, these 
being equivalent to tensile strengths of 50 and 55 tons per 
square inch. 

The influence of nickel in intensifying the air hardening 
capacity of the steel may perhaps be illustrated by figures 
obtained from experiments carried out with the object of 
finding the necessary conditions for annealing the high 
nickel steels, in other words, determining the fastest rate of 
cooling which will prevent the steel from hardening. Samples 
of steels Nos. 1 and 5 (Fig. 81) were heated to 900® C. and, 
after soaking for half-an-hour, were transferred to furnaces 
at 700®, 650® or 600° C. (being air cooled approximately 
to the temperature of the second furnace before placing 
. therein) and held at these temperatures for varying 
periods after which they were quenched out in water and 
their Brinell hardness niunbers determined. A similar series 
was aliSb carried out using an initial temperature of 1,060® C. 
The results obtained are given in Table XXVII* This method 
of treatment, consisting of holding the steel, during its 
cooling from a hardening heat, at a temperature somewhat 
below that at which the Ar. I change normally occurs, is 
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a vary effective way of annealing ordinary stainless steels ; 
it is described on page 474. Obviously, the longer the 
steel has to be hdd at such a temperature in order that the 
change from axistenite to pearlite may take place com- 
pletely, the slower the rate it may be cooled from a hardening 
heat and yet be hardened. 


Table XXVII. 


iQltUl 

Temperature. 

Steel 

Ko. 

Nlokel 

% 

Time in | 
Second 
Furnace ! 

Temperature of Second Furnace. 

700* C. 

660*0. 

600* a ^ 

900® C. 

1 

0-26 

i hour. 

; 188 

228 

228 ! 




1 hour. 

: 179 

228 

228 1 




2 hours. 

1 179 

228 

228 

900* C. 

5 

1*60 

J hour. 

1 444 

840 

840 




1 hour, j 

! 887 

255 

269 




2 hours. 

882 

228 

228 

1,060® C. 

1 

0*26 

1 hour. 

196 

217 

217 




2 hours. 

192 

217 

217 




4 hours. 

192 

212 

217 




8 hours. 

188 

202 

217 

1,060® C. 

5 

1-60 

1 hour. 

578 

821 

269 


1 


2 hours. 

495 

277 

255 


i 


4 hours. 

460 

241 

217 



i 

1 

8 hours. 

851 

228 

217 

1 


, These results show that whereas the low nickel steel 
was easily annealed in each experiment, the high nickel 
steel required a more prolonged soaking in order to anneal it. 
The results also show that the Ar.l point in the high nickel 
steel probably occurs at a somewhat lower temperature than 
700® C. even on very slow cooling. 

With increasing content of nickel, the change austenite 
to pearlite occurs with still greater difficulty, such steels 
requiring a very slow rate of cooling in order-to anneal ,them. | 
Thus samples of steel containing 0*89 per cent, c'arbon, 
10*5 per cent, chromium and 2*24 per cent, nickel, were re- 
heated to 900® C. and 1,060® C., respectively, ti^misfmed 
to a second fiimace maintained at 600® to 650® C. and after 
being held there for different periods, were qumched out in. 
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water. They then gave the fddowing Brmefl hardness 
numbers : — 


Held at 600»y6SO« C. 

Initial 


owe. 

i,o«o*a 

For 1 hour and W.Q. 

477 

555 

For 2 hours „ 

402 

477 

For 4- ff „ jj ... 

290 

840 

For 8 „ „ „ 



290 

For 24 „ „ „ 

248 

269 

For 72 „ 

241 

241 


The samples held at 600^/650° C. for 72- hours still 
contained a small amount of martensite after quenching. 

The dominant action of these small amounts of nickel 
being thus to increase the ease with which the steel may be 
hardened, their particular effect on the mechanical properties 
of a given chromium steel will depend on whether the latter 
hardens intensively or not. If the plain chromium steel 

Table XXVIII. 


Influence oj Nickel on the Mechanical Properties oj 
Stainless SteeL 


steel. 

Carbon 

% 

Silicon ! 

% 1 

! Manganese 

% 

' Chromium ' 

! % 

Nickel 

% 

A. 

B. 

039 

0-89 

008 

012 

9 9 

O 

100 i 

10-5 i 

0-42 

224 



steel 

Treatment. 

1 

1 

Yield 

1 Point, 

1 tons per 
i aq. inch 

i 

Maxi- 
mum 
Stress, 
tons per 
sq. Inch 

1 

Elonga- 

tion 

% 

on 2 ins. 

Bed ac- 
tion 
of Area 
% 

BtlneJJ 

Hardness 

No. 


A. 

O.fl. 900“ W.Q. 600“ C. 

490 

642 

15*0 

45-9 

802 

23 19 30 


„ 650“ C. 

89-6 

55'8 

18*5 

54*6 

262 

25 28 26 


„ „ 700“ C. 

812 

49“6 

1 24*5 

58*6 

285 

75 66 72 

B. 

OJI. 900“ W.Q. 600“ C. 

582 

62*7 

17*0 

48*5 

298 

16 18 — 


650“ C. 

46*4 

59*0 

200 

52*2 

277 

80 20 26 


„ 700“ C. 

452 

584 

21*0 

51*0 

1 

269 

82 84 88 
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htordens weQ, the effect of anaQ nickel additions will be notice* 
able mainly in tempering operations, as already indicated in 
Fig. 81. In such cases the nickel does not appear to atfect 
appreciably the toughness or ductility of the steel. Thus 
tile results given in Table XXVIII, obtained from 
bars inches in diameter, indicate that the higher nickel 
steel has properties similar to those of, the one containing 
a less amount when the two are tempered to give the same 
tensile strength. 

If, however, the composition of the straight chromium 
steel is such that its air hardening capacity is not great, 
the addition of small amounts of nickel may affect very 
considerably its mechanical properties after given heat 
treatments. For example, stainless irons containing about 
14 per cent, of chromium do not air harden to any \ 

Table XXIX. 


Injhunee of Nickel on the Mechanical Properties of Stainless Iron and 
MUd Stainless Steel. 

Treatment : A.H. SSOT., W.Q. 700®C. 



great extent when in the form of bars one inch or so in 
diameter, as has already been indicated. Tbe addition pf 
about 1 per cent, of nickel, however, increases their' air* 
hardening capacity so markedly that the |«opertie8 of the 
material, after tur hardening and tempering, d^tend consider* 
ably on its nickel content. This may be illustrated by 
results ^ven in Table XXIX. All the steels were h^«- 
tfeait^ in tbe form of bars 1^ in<b.es diam*^. 
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Obviously the sm of tbe, piece treated will influence 
iponsidarably the effect which the added nickel may have. 
Very small bats will cool sufficiently quickly, when air-cooled, 
to allow low nickel material to harden quite well, while the 
much slower rate of cooling obtained with bars considerably 
larger than one inch in diameter, will reduce the hardness 
of the higher nickel irons or steels ; both these effects would 
tend to reduce the difference in mechanical properties caused 
by varying nickel content. 

Whether the presence of these small amounts of nickel 
is advantageous or not will depend on the purpose for which 
the steel is used. If bars or forgings of large size have to 
be hardened and tempered, a content of 1‘ per cent, 
nickel or thereabouts may be a decided help during heat 
treatment operations ; it will enable the steel to air-harden 
more effectively, especially if the chromium content is in 
the neighbourhood of 14 per cent. If, however, the 
production of small articles is in question — particularly of 
stainless steels rather than irons~the presence of a similar 
amount of nickel may be the reverse of advantageous ; it is 
likely to increase the danger of cracking during cooling 
after rolling or forging operations and it makes annealing 
treatments more prolonged, should these be necessary. In 
the case of stainless irons, where the hardening effect is so 
noticeable, the presence of considerable amounts of nickel is 
undesirable when soft material is required ; for such purposes 
the nickel content of irons, containing up to about 
14 per cent, chromium, should not exceed 1 per cent. ; 
it is so limited, for example, in a number of aircraft 
speciflcations. 

The chromium-nickel series of stainless steels form the 
subject of the well-known Krupp patents* which comprise 
steels containing 7 to 40 per cent, chromium, 0-5 to 20 per 
cent^ nickel and not more than 1*0 per cent, carbon. This 
range of composition includes both martensitic and austemtic 
steels and, of the former type, Messrs. F. Krupp, A.G., 
have manufactured several varieties which are similar in 
analysis to those described in the last few paragraphs. 
Their first steel of this type, V. 1. M/', contained per 
cluromium and 1 •5/2*0 per cent, nickel together with 

^ patdata m,m (Dot, 1912) sod 304,1S9 (Beo., 1912)« Mtisb 

{ksWntu 18>14 wad 18,415 (Jtme, 1913), 
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about 0*2 per cent, carbon, the nickd being an essential 
constituent. More recently, however, they appear to have 
concluded that so much nickel is not always advantageous 
and have put on the market further steels, V. 8. M.’* and 
“ containing less, typical compositions of these 

materi&ls being : 



Carbon 

Chromium 

mcm 


% 

% 

% 

“V.8.M.” 

0 •8/0*45 

12/14 

0-5/0-7 

“V.5.M.” 

0-1/0-15 

12/14 

0-5/0-r 


Such an amount of nickel is often accidentally present in 
stainless steels made according to the Brearley patents. 
It can hardly be looked upon as an essential constituent of 
the steel ; it certainly is not from the point of view of 
resistance to corrosion. 

The high nickel steel mentioned on page 142 (as well as the 
corresponding steel with low nickel content) gave a Brinell 



82. Kfieot of nickel content on the production of austenite in 
high chromium steels. ^ 

Curves A and B — Strauss and Maurer, 

Curve C — ^Bain and Grifidths, see page 16S. 

hardoess number of 555/600 when water quenched in the 
form of a t^in disc &om 1,200° C.; tlmt is, it lemainqi 
cDtn{>ietd.y martensitic. If the steel contains a somewhat 
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larger amount of nickel, however, austenite is retfiuned on 
quenching from such high temperatures, though martensite is 
still formed on quenching from lower temperatures than these* 
With still larger amounts of nickel, the temperature leading to 
the production of austenite is lowered, while the hardness pro- 
duced on quenching from the temperatme range ^giving 
martensite, diminishes. Finally, with sufficient nickel, the steel 
becomes entirely austenitic. The amount of nickel required to 
produce the several stages in the production of austenite varies 
with the amount of chromium present in the steel. According 
to Strauss and Maurer,* the amount required in steels containing 
0'l/0»5 per cent, carbon is shown in Fig. 82, in which curve A 



Fiq. 83. Belation between Brinell hardness number and reheating 
temperature of steel containing 0*45 % carbon, 13*1 % chromium, 2*54 % 
nickel :**— 

Curve A. Samples previously W.H. 950®C. 

Curves. „ „ W.H. l^OO^C. 

indicates the nickel content necessary to give austenite on 
quenching from high temperatures while a completely 
austenitic steel is obtained when the nickel content reaches 
that indicated by curve B* The author has found, however, 
that austenite is produced, on quenching from high 

***I>io HoohleffUrten Chromnickelstoble als Niohtxostenda SiikW 
Aug^, 1920. 

I. 



HAltDN Na 


146 STAINLESS IRON AND STEEL 

tanperatures, in steels containing distinctly less nidcel tiium is 
indicated by curve A in Fig. 82, if the carbon conteat 
approaches 0*5 per cent. 

Ihe gradual change in pr(q>ertie8 as the nickel contact 
is raised is well shown by plottii^ the Brinell hardness 
numbers obtained on quenching small samples of the steels 
from successively higher temperatures. Results obtained in 
this manner from steels containing, rest)ectively, 2*54 and 
4*96 per cent, nickel are plotted in Figs. 88 and 84. The full 
lines, representing the results obtained on reheating samples 
which had previously been hsudened by quenching from 9S0°C., 
indicate that the steels in this condition behave in a sinular 
manner to those with lower nickel content. According to 
Strauss and Maurer’s data (Fig. 82), steel A should not 
become austenitic while steel B is just on the l inni ting com- 



Flo. 84. BeUtion between Brinell hardneea nomber and lebeidina 
ol Steel containing 0*28% oarbon» U‘2% ohxoxniuim eM 
4*96% niokdL 

Cam A. Samples previoiisly W.H. 9fi0*0r 
CttxreB. „ „ WeH. UOO^a 

positioii. Austenite was produced, however, on quenching 
both steels from high temperatures and the dotted lipes in 
f^gs. 88 and 84 show that on tempering these austenitic 
samples, they hardened in the same iray as the austenitic- 
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clmjimum steels^ pr^ouslx.^escribed. The fUajpraito 6lm 
bIiow that as the mekel content increases) the austenite 
becomes more stable^ requiring a higher temperature to break 
it down. This is further illustrated by curve A in Rg. 86, in 
wbieh are plotted the results of a similar experiment on 
samples of a steel containing • 

Carbon ... 0q6 per cent. 

Chromium 18 ^7 per cent. 

Nickel ... 8 *85 per cent. 

which had previously been made austenitic by quenching 
from 1,100* C. In this case the austenite does not break 
down until a temperature of about 750'^C. is reached and there 
is no “ tempering ” range of the martensite so produced as in 
the steels illustrated in Figs. 83 and 74. Moreover, the 
hardness produced after reheating this steel in the range 
850® to 900® C., and cooling therefrom, increases to some 
extent with the time of heating in this range. If such 



QUENCHING TEMPERA TURt 

Feo. 85. Eelation between Brinell herdness number and rehnatittg 
temperature of diromium-niokd steels : — 



Carbon, 

Chromium, 

Nickel 

Previous 

Curve. 

% 

% 

% 

Treatment. 

A. 

0*16 

13*7 

7*86 

W.H. 1,100”C. 

B. 

0-16 

13*7 

7*86 

SoaM 8SO/900°O. 

a 

0*10 

15*2 

11*4 

W.H. 1,000°C. 


hardened matmal is subsequently tempered, results similar 
to those shown in curve B, Mg. 85, axe obtained. In tiiis case 
Um samples were first given a prolonged heating in the 
range 850** to 900'’ C., (uid when cooled had a Brinell hwdness 
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number of 864. On subsequently reheating, they showed 
a tempering effect analogous to that of martensitic steels 
containing a smaller amount of nickel, as indicated in curve B. 
It is also interesting to note that the maximum tempering 
effect was obtained in the neighbourhood of 650°C., and that 
the terhpered steel began to harden again at a lower tem- 
perature than the austenitic form and also reached a greater 
hardness. 

Steels containing a still greater amount of nickel appear 
to remain austenitic after reheating to any temperature. 
Thus curve C, in Fig. 85, shows the Brinell hardness numbers 
obtained from a steel containing 11*4 per cent, nickel after 
quenching from the temperatures indicated. These austenitic 
steels, which have some very valuable properties, will be 
considered later. 

(2) Steels with 17/20 per cent. Chromium. 

A similar series of changes are produced by the addition 
of nickel to steels with a higher chromium content. For 
example, Figs, 86 and 87 give the Brinell hardness values 
of a series of steels, containing 0*2 per cent, carbon, 20 per 
cent, chromium and different amounts of nickel, after 
quenching in water from various temperatures. Whereas 
the pure chromium steel did not harden appreciably when 
quenched from any temperature, the addition of about 
two per cent, nickel produced a steel which not only 
hardened to a notable extent but also possessed a good 
impact value when hardened and tempered —see Table XXX, 
p. 150. . Raising the nickel to 4*4 per cent., hardened the 
steel considerably ; when fully tempered it had a tensile 
strength of about sixty-five tons per sq. inch. It also became 
austenitic on quenching from 1050/1100° C. The steels 
containing 6^6 and 8*4 per cent, nickel were austenitic after 
quenching from any temperature ; the one with the higher 
nickel content was, however, distinctly the softer. 

The addition of 2 or 3 per cent, nickel to such 
high chromium steels as these produces a very useful material.^ 
As will be seen later, a chromium content of about 17 
or 20 per cent, is very valuable when extreme resistance 
to general corrosion is required ; but the mechanical pro- 
perties of low carbon steels containing this amount of 
diromium are not encouraging for many purposes ; they 
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appreciably and they have very low 
P values, as has been abeady shown. The addition 



Mark. 


A. 

B. 

C. 

D. 

E. 
P. 


Carbon 

Chromium 

0/ 

Nickel 

/o 

0*23 

19-9 

% 

0-27 

0*23 

19-2 

2-10 

0*21 

19-8 

4-40 

0*21 

19-8 

4-40 

0*23 

20-5 

6-04 

0-24 

20-2 

6-40 


Previous Treatment. 

As rolled. 

O.H. 1,000«0, 

o.a m^c, 

W.H. 1,100*^ C. 

W.H. 1,100*0. 

W.H. l,^ C. 


of the* nickel converts them into hard enable steels which^ 
moreover, possess good impact values. True, it is possible 
to obtain a hardenable steel containing this amount of 
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Table XXX. 

Effect of Nickel on ihe Mechanical Properties of 20 per cent. 
Chromium Steels. 



Oftrbon 

% 

SlUoon 

% 


Chiomium 

% 

Nickel 

% 

A. 

0-2B 

0-86 

OIS 

19-9 

0‘27 

B. 

0*28 

0*36 

0*21 

19*2 

216 

C. 

0-21 

0-34 

0-18 

19^8 

4*40 

D. 

028 

0-31 

0*84 

20-5 

6*64 

E. 

0*24 

0-26 

0*29 

20-2 

8*40 


(Bars treated : 1"" diameter.) 


U»rk. 

Treatment. 

yield 

Point, 

Maxi- 

mum 

Btregg, 

Slonffa- 

tion 

Eednc- 

tion 

Brlnell 

Hard- 

Isod 

tons per tong per per cent, of Area 
gq. inch. gq. Inch, on 2 Ing. per cent. 

No. 

Impact, 
ft. Iba. 

A. 

0.ai,000°,W.Q.700‘‘C 

264 

37-0 

28-0 

61*0 

179 

6 3 4 

B. 

_ *» 

46-0 

66*0 

23*0 

634 

255 

47 60 46 

C, 

O.H. 9OO“,W.Q.0OO'‘C 

48‘0 

66-0 

17*0 

40*6 

302 

48 40 42 


W.Q.1,100’C 

26*0 

69*0* 

30-0 

28*0 

217 

86 74 89 

n. 

W.Q.1,200'’C. 

26-0 

64-0 

27-5 

21*5 

196 

66 69 66 

W.Q.1,0«)°C 

26-5 

67*0 

48*0 

39*7 

196 

107 120 120 

K 

W.Q.1,1W«C 

18-0 

51-7 

67*0 

604 

170 

110 no no 

W.Q.1,030°C 

27-0 

53*0 

59-0 

614 

186 

116 no 120 


W.Q.1.150'C 

19-2 

47-0 

67*0 

68*8 

166 

97 107 108 


* Both those test pieces broke prematurely. 


chromium without the use of nickel, provided one raises 
the carbon content to about 0*6 per cent, or more. But, 
by so doing, the advantages from a corrosion resistance 
point of view of the higher chromiuin content are largely 
nullified, because a considerable amount of the chromium 
is then present in the particles of carbide which are distributed 
in large numbers through the steel when it is tempered ; 
and this part of the chromium is of no value in promoting 
resistance to corrosion. 

Steels of the 17/20 per cent, chromium, 2 '^per cent^ 
nickel type were put on the market some six or seven years 
ago by Messrs. Brown, Bayley’s Steel Works, Ltd., und^ 
the brand Twoscore ” — ^the derivation of the nametwill be 
obvious — and have been extensively used in engineering 
work. As in the case of the hardenable steels containing 
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12A4 per cent, chromium, thf medumical ^parties of 
Twosrore” steels vary aecorung to their cturlxm content 
and the heat treatment they have received, as will be 
evident from the figures given in Table XXXI. Due to their 
nickel content, they commence to harden when air cooled or 
quenched from temperatures above about 700® C.— «ee 
curve B, Fig. 86 — but apart from this they respond to 
tempering in a similar manner to the 12/14 per cent, 
chromium steels. 


Table XXXI. 

Mechanical Properties of “ Twoscore ” Steels. 
(Bars treated: IJ' diameter). 

(A) Effect of Vaeyino Teeatment. 


Carbon 0-09 per cent. ; Chromium 17'8 jwr cent. ; Nickel 2*08 per cent. 


Treatweat 



Yield 
Point, 
tons per 
8q, inch. 

Maximum 
.StreM, 
tons per 
sq. inch. 

Elonga* 

tlon 

IMir cent, 
on 2 ins. 

lied no- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. 

laod 
lmi>aot, 
ft. lbs. 

LH. 950°C., W.Q. 800°C. 

49‘G 

58®8 

200 

55*8 

269 

63 89 70 

W.Q. 400®C. 

49-6 

58*8 

20 ‘0 

57*0 

269 

79 60 61 

„ W.Q. S00®C. 

46-0 

57-8 

22-0 

59*3 

265 

96 88 88 

„ W.Q. 600°C. 

34-4 

43-2 

28 '5 

62 2 

225 

86 75 94 

„ W.Q. 650°C. 

32-4 

42-5 

30 0 

622 

217 

84 86 88 

„ W.Q. 700°C. 

? 

44-6 

28-0 

62-2 

231 

83 83 80 

„ W.Q. 7S0°C. 

9 

46*5 

27 5 

59*3 

m 

241 

81 79 77 


(B) Effect of Varying Carbon Content. 


Treatment : A.II. 950®C., W.Q. 650®C. 


Carbon 

% 

Ohromium 

% 

Nickel 

% 

Yield 
Point, 
tons per 
sq. inch. 

1 

Maximum 
Htress, 
tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 Ins. 

Eeduo- 
tlon 1 
of Area 
percent. 

Brlnefl 

Hard- 

ness 

Number. 

laod 
Impact, 
ft. Ibi 

oil 

180 

2®18 

360 

45*3 

27*5 

62*2 

241 

87 88 88 

016 

17-2 

2*80 

38®8 

49*0 

24-0 

61*5 

! 248 

68 78 68 

0*21 

176 

2®46 

80*4 

54*8 

21-0 

53*4 

269 

60 60 56 

0*27 

17*9 

220 

45*5 

59*5 

20 0 

55*8 

1 277 

46 42 47 

0*85 

17-4 

2-01 

i 

57*0 

67*8 

17-0 

47*2 

1 802 

I 20 20 18 


VTitt regard to annealing operations, these steels behave 
in a similar fashion to that containing 10*5 per cent, chromium 
. and 2*24 per cent, nickel described on page 140 ; they may 
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only be annealed, during cooling from hardening heats, by 
very prolonged soaking in the range 600°/650° C. 

The value of Young’s Modulus for “Twoscore” steels is 
similar to that of other hardenable steels ; thus tests on twelve 
samples of low-carbon material (about 0-1 per cent, carbon) 
whose tensile strength varied from forty-five to seventy 

Table XXXII. 

Mechanical Properties of “ Twoscore ” Steel Sheets. 

(A) Effect of Vauying Treatment. (14G. sheet.) 

Carbon 0-09 per cent. ; Chromium 18*2 per cent. ; 

Nickel 2-2 per cent. 


Treatment. 

Proof 

Stress. 

Maximum 
Stress, 
tons per 
sq. Inch. 

Elonga- 

tion 

per cent, 
on 4 ins. 

Bend Test. 

A.H. 950°C., T.850°C, 

52-3 

66-8 

8*0 

180° over l.T. 

„ T.450°C. 

55-7 

69-9 

90 


„ T.550°C. 

540 

64-4 

10-5 

180° over fT. 

„ T.650°C. 

1 

89-0 

50*7 

140 

180° closed. 


(B) Tests on Sheets of Different Thicknesses. 

Carbon 0-09 per cent. ; Chromium 18-6 per cent. ; 
Nickel 2*28 per cent. 

Treatment : A.H. 950°, T.500°C. 


Thickness. | 

1 

1 

1 

Proof 

Stress. 

Maximum 
Stress, 
tons iier 
sq. inch. 

Elonga- 

tion 

per cent, 
on 4 ins. 

Bend Test.* 

8 G. 

46*6 

57-2 

8-0 

180° over 5.T. 

10 G. 

48*9 

61-7 

100 


12 G. 

58-5 

621 

10-0 


14 G. 

51*4 

59*7 

lO'O 


16 G. 

54-1 

64-9 

90 

180° over 2.T. 

18 G. 

491 

62-4 1 

9-0 


20 G. 

58-5 

58*6 

6-5 


22 G. 

54-5 

591 

9-0 


24 G. 

51-8 

62-8 

6-5 


26 G. 

50-8 

60-2 

9*0 

1 


^ Tho speciiiofktioji to which these sheets were supplied called lor a bend test 
over 2T lor sheets 160 and thinner, and over 5T for sheets thicker tha^n 160. 
l%e tests irere theiefore not carried furUier to determine the hmiUaa »idii as in 
the tests in part (A). 
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tons per square inch, gave results between 88*4 X 10* and 
82*1 X 10*lbs.persquareinch with a mean value of 80*1 X 10®. 
Similarly five steels containing about 0*2 per cent, carbon and 
having tensile streitgths between fifty-six and seventy-five 
tons per square inch, had values for the modulus of 28*5 X 10* 
to 81*9 X 10* lbs. per square inch, mean 80*5 X 10*.» 

Owing to their very great resistance to corrosion, steels 
of the “ Twoscore ” type have been extensively used in the 
construction of seaplanes and flying boats. When possessing 
a carbon content of about 0*2 per cent., they may be heat 
treated, in the form of bars or forgings, to give a minimum 
tensile strength of fifty-five tons per square ineh,* together 
with adequate toughness and ductility (see Table XXXI). 
The lower carbon material, in the form of sheet, is particularly 
suitable for the manufacture of various fittings ; these are 
bent to shape, or are otherwise formed, from the fully softened 
sheet and are afterwards hardened and tempered to give 
high values of proof load and temsile strength. Table XXXII 
illustrates the effects of varying heat treatment on a sheet 
of this material and also the results obtained, with constant 
treatment, on sheets of different thicknesses. 

The microstructure of these hardenable chromium-nickel 
steels is similar to that of the lower chromium steels which 
harden to the same degree. When air cooled or quenched 
from temperatures above the Ac. 1 point, they consist of 
martensite with or without ferrite or carbide, depending on 
their carbon content and the quenching temperature ; on 
tempering, the martensite changes to sorbite. 

Reviewing the data given in the last few pages, it may 
be said that, broadly speaking, the addition of nickel to 
high chromium steels results in the production of three 
types of material : — 

(1) Steels, with a small amount of nickel, whose 
hardening capacity is thereby increased, oftw 
advantageously, but which are in the main similar to the 
hardenable chromium steels. To this group belong the 
ordinary stainless steels, in which small amounts of nickd 
are accidentafiy present, the Krupp “V.M.” steels, and 
the “ Twoscore ” steels made by Brown, Bayley s Steel 
Works, Ltd. 

* * B.E.S.A. Specification S.80. 
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(2) Steds contdning large amounts of nickel, sufiBcient 
to make them cmnpletely austenitic. These constitute an 
exceedingly important group of steels whose properties 
will be ronsidered presently. 

(8) An intermediate group of steels which axe either 
martensitic or austenitic depending on heat treatment. 
These steels appear to have a very limited use. If maHf 
martensitic and then fully tempered, they still remain 
comparatively hard ; on the other hand, when put in 
the austenitic condition (for which they require quenching 
from a very high temperature) they work harden at an 
extremely rapid rate, so that they can only be inaehiner| 
or otherwise manipulated with great difficulty, if at all. 



Pio. 88. Woik Hardening Teste j relation between hsidness and decree 
01 oompiossioxi. 


Oum, 

Carbon 

Chromium 

Nickel 

A, 

0/ 

Chh 

% 

10*9 

% 

0-27 

Be 

0*23 

19*2 

2-16 

C. 

0*21 

19^8 

4*40 

n. 

0*21 

19*8 

4'40 

' K* ' 

0-23 

20-6 

6-64 

F. 

0-24 

20-2 

8>4 


Treatment. Condition. 

A.H.960®C., T.700*C. 1 

»» I Sorbitio. 

W.Q. 1,100* C. 

W.Q. 1,000* C. Austeniticw 

W.Q. 1,000* C. 


As the question of work hardening is extremely important, 
pa^cularly in connection with austenitic steels, it may be 
usehil to considra here the differences betwem these variotts 


the influence of other alloys im 


types of steels in relation to the rate at which they harden 
when submitted to cold work. The effect produced on the 
rate of work hardening of 20 per cent, chromium steel by 
the addition of nickel is indicated by Figs. 88 and 89, 
measurements being made by the method described on 
page 127. The former diagram connects hardness and 
amount of compression while the latter gives the loads 
necessary to pr^uce stated amounts of compression. It 
should be noted that the steel containing 4*4 per cent, nickel 
was tested in both the austenitic and the hardened and 
tempered conditions. 



Flo. 89. Work Hardening Teate; loads neceeeaiy to produce stated 
amotmts of compression. (See Fig. 88.) 

These diagrams possess several notable features. Thus 
the steels which have been hardened and tempered, work 
harden at sensibly the same rate, irrespective of their initial 
hardness, being thus similar to the plain chromium steels 
already described. On the other hand, the rates of work 
hardening of the austenitic steels vary considerably among 
themselves, being greater the lower the nickel content, 
i.e., the less stably austenitic the steel. But even the one 
With the highest nickel content work hardens at a much 
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faster rate than the sorbitic steels^ i.e., those which have 
been hardened and tempered* As a result of this, although 
a small amount of deformation, 10 per cent, or less in the 
method of test adopted, is more easily performed on the 
austenitic steels owing to their low yield point, a consider- 
able degree of compression requires a much heavier 



Fig. 90. Effect of nickel content (of 20% chromiuin eteel) on the loads 
necefieaiy to produce stated amounts of compression. 


load in the case of these steels than in that of a sorbitic steel 
’of even greater initial hardness. This effect is strikingly 
shown in Fig, 90, where the loads required to produce 10 per 
cent,, 20 per cent., and 80 per cent, deformation are plotted 
against the nickel content of the steel : it should be noted 
that two values are here plotted for the steel containing 
4*4 per cent, nickel ; in each case, at this ordinate, the curve 
runs to the value for the hardened and tempered form and 
leaves by that of the austenitic form. One may note that 
whereas an increase in nickel content necessitates a greater 
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load to produce a given amount of deformation when the 
steel is of the hardenable typei due undoubtedly to the 
increase in initial hardness brought about by the added 
nickel, it reduces the required load when the steels are 
austenitic. 

(3) Propekties of Austenitic Steels. 

The austenitift steels produced when sufficient nickel is 
added to high chromium steels have mechanical properties 
entirely different from those of the hardenable type pre- 
viously considered and, owing to their usefulness, they merit 
a detailed consideration. Apart from those steels in which 
small amounts of nickel arc accidentally present (the ordinary 
stainless steels ”), these alloys form probably the most 
useful part of the range of composition covered by the patents 
taken out by Messrs. F. Krupp, A.G., as a result of the 
investigations of Drs. Strauss and Maurer (see p. 20) to whom 
the credit for their discovery is due. The first austenitic steel 
of this type available commercially was the well-known 
V.2.A.” made by Messrs. F. Krupp, which contained 
about 20 per cent, chromium, 7 per cent, nickel, and 
0'2 per cent, carbon. About the end of 1923, the British 
rights for the manufacture of the Krupp steels were secured 
by the Firth-Brearley Stainless Steel Syndicate and, under 
their licence, the steels were produced in this country by 
Messrs. Brown, Bayley’s Steel Works, Ltd. (brand “ Anka ”) 
and by Messrs. T. Firth and Sons, Ltd. (brand “Staybrite’^); 
they have since been produced, under various trade names, 
in other countries ; e.g., Allegheny Metal (Allegheny Steel 
Co., U.S.A.), K.A.2. (Republic Steel Corporation, U.S.A.), 
and others. 

As a result of his investigations on these austenitic 
steels, investigations carried out over a period of years and 
to a large extent independently of the work of Strauss and 
Maurer, the author considered that an alloy containing 
15/16 per cent, chromium and 10/11 per cent, nickel possessed 
the best all-round combination of properties desirable in 
such a steel for most of the purposes for which it might be 
used, and hence this is the standard type of the alloy made, 
imder the name “ Anka,” by the firm with which he is 
as^iated. Messrs. T. Firth & Sons, Ltd., largely as a result 
of Dr. Hatfield’s investigations, adopted the composition 
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18 per cent, chromium and 8 per cent, nidcel for the standard 
form of their material “ Staybrite.” Tha^e is actually 
little difference between the corrosion resisting properties 
of ** Anka,” “ Staybrite,” and “ V.2.A.” and, for most 
purposes, the values found for one of these steels may be 
applied to the other two ; there are, however, more noticeable 
differences in their mechanical properties. 

From Pigs. 85 and 87, one can see that a steel which 
contains rather less nickel than is required to make it fully 
austenitic, is hardened appreciably by cooling from the 
range 700°/1000° C. ; with a higher nickel content, the 
hump on the Brinell hardness curve (such as that in curve A, 
Fig. 85) is flattened out and finally by a further nickel 
addition one obtains a steel which does not harden when 
cooled from any temperature. According to Strauss and 
Maurer, curve B in Fig. 82 represents the nickel content 
required to produce this latter effect with chromium steels 
of different compositions. More recent investigations by 
Bain and Griffiths, ♦ who employed drastic methods of 
annealing in order to break down unstable austenitic 
structures, gave the higher values indicated by curve C. 
in Fig. 82. This curve may be taken as representing the 
minimum nickel content of stably austenitic steels. 
Alloys with such a content of nickel, however, are rather 
hard and they work harden at an extremely rapid rate ; 
hence, in practice, it is usual to add more nickel than this 
minimum amount. The softening effect of this extra nickel 
is shown by comparing steels D and E in Table XXX. 
According to curve C, Fig. 82, steel D contains about 
the minimum amount of nickel necessary to produce 
fully austenitic material. The addition of a further 2 per 
cent,, however, produces a markedly softer steel ; it also 
materially reduces the rate of work hardening, as is evident 
from a comparison of curves E and F in Fig. 88. 

The physical properties of these austenitic steels depend 
on their composition and the mechanical and thermal treat- 
ment they have received. They thus possess a certain^ 
similarity with the martensitic steels but only in a very 
slight degree ; actually the heat treatment operations 
applied to the two types of steel are widely different and the 
possilnlity of modifying the properties of the steels by purely 
* iTrane. Mm, A Jfcf. VoL 76, p. 166. 
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heat treatment processes is very much less in the case of 
the austenitic than of the martensitic type* Thus the 
fundamental operation in the heat treatment of martensitic 
steels is the production of great hardness by cooling the 
steel more or less rapidly, depending on its composition, 
from some temperature above a certain minimunt. The 
hardness thus produced may then be removed to a greater 
or less extent by* tempering, and the two heat treatment 
operations combined suffice, within wide limits, to obliterate 
the effects of any prior treatment, both as regards hardness 
and structural condition. The steel, if previously soft, may 
be made hard and if previously coarse in structure, owing 
to overheating, may be refined. No similar series of changes 
may be produced in a fully austenitic steel. The latter cannot 
be hardened by any form of heat treatment ; it may only 
be hardened by mechanical work, but when so hardened it 
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Fia. 91, Effect of re heating to the temperatures indicated on'^tho 
Brinell hardness values of hot rolled bars of austenitic steels. 


Mark, 

Carbon 

0/ 

Chromium 

Nickel 

A. 

/o 

0-23 

/o 

20-5 

/o 

6*64 

B. 

0-24 

20*2 

8*4 

C. 

0-12 

18*0 

8*2 

D, 

0*08 

17*2 

10*0 

£, 

0-08 

15*4 

10*7 


may be softened by heating. Again, if the steel possesses 
a coarse structure, the latter can only be refined by mechanical 
wotk, fdlowed in some cases by a suitable reheating ; it is 
ntrt refinable by beat treatment only. It may, however, 
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be nmde coarse by overheating. The heat treatment 
operations of austenitic steels are thus quite different in 
type from those previously considered. 

In order to study the effect of composition on the 
mechanical properties of austenitic steels, it is necessary 
that tHe several samples tested shall have received comparable 
treatment. For example, if rolled bars of about one inch in 
diameter are considered, these arc almok certain to have 
been hardened, to some extent at least, by the rolling 
process, unless this has been conducted at a very high tem- 
perature. The effect of reheating rolled material to 
progressively higher temperatures may be illustrated by the 
curves in Fig. 91. These indicate that softening may 
commence in the neighbourhood of 700'' C. and continue 
up to the highest temperatures short of melting. For 
various reasons, which will be considered presently, it is 
usual to soften those steels, after forging or rolling operations, 
by reheating them to some temperature in the range 1000° to 
1200° or 1250° C, and cooling rapidly therefrom. An 
inspection of Fig. 91 shows that the low^er temperature 
provides a suitable degree of softening for the steels con- 
taining about 15 or 16 per cent, chromium and 10 or 11 per 
cent, nickel, but that a temperature of about 1200° C. is 
necessary to obtain a comparable degree of softening in 
those of higher chroniiumand lower nickel contents. Actually, 
Messrs. F. Knipp recommend 1 150° /1 170° C. as a softening 
temperature for “ V.2.A.” and it is obvious that by so 
treating this material it is made considerably softer than if a 
reheating temperature in the neighbourhood of 1000° C. were 
employed. After being quenched from these high temperatures, 
the steels are exceedingly tough and ductile. They have a low 
yield point and one, moreover, which is often not w'ell- 
^ defined ; its value, however, as ordinarily determined in 
tensile tests, is as a rule less than about fifteen tons per 
sq. inch. Tensile strength varies with composition and the 
temperature to which the steel has been finally reheated, 
but it is generally in the range 35/65 tons per sq. inch. Some^ 
typical mechanical properties obtained from a number of 
these steels, after reheating to 1000/1050° C. and quenching 
in water therefrom, are given in Table XXXIII, and a 
consideration of these indicates : — ' 

(a) A high carbon content noticeably hardens the 
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steel, though its effect in this direction is probably not so 
great as in the martensitic steels. 

(b) The higher the cliromium content, other things 
being equal, the higher the tensile strength. 

(c) The chief factor in influencing the tensile strength 
of the steels is the amount of nickel they contain in excess 
of that required to produce an austenitic steel, as indicated 
in curve C in ^ig. 82. The action of this excess nickel 
has been referred to before in connection with the results 
given in Table XXX, page 150. 


Table XXXIII. 

Mechanical Properties of Aiistenitic Steels 
as affected by Composition. 


Treatment : W.Q. 1000/1050° C. 





Yield 

1 Maximum 

Elonua- 

lleduc- 

Brine! 



Carbon 

Chromium 

Nickel 

Point, 

i Stroas, 

tion 

tion 

Hard 

Izod 

% 

% 


tons pc 
8 ( 1 . iuc' 

tons per 
sq. inch. 

l)er cent, 
on 2 Ins. 

of Area 
per cent. 

DOSS 

Nuinbe'. 

Impact, 
ft. nibi. 

0-13 

11-2 

1 11*9 

1,5-2 

42-8 

80-0 

76-3 

153 

105 

115 109 

008 

11-5 

1 15-8 

17-0 

34-6 

61 5 

74-5 

112 

1 106 

1 

95 110 

0-08 

14-2 

10-8 

130 

38*6 

72-0 

73-6 

149 

105 

110 110 

0-16 

14-4 

10-6 

18-2 

42-7 

64-5 

69-8 

1.56 

110 

112 110 

0-36 

137 

10-4 


58-2 

360 

30-0 

255 

63 

84 68 

0*09 

16-0 

8-5 

16-0 

50-4 

43-5 

570 

149 

120 

119 112 

0'09 

160 

10-9 

16-0 

39-6 

66-7 

71-7 

143 

98 

100 98 

0*17 

16-3 

10-6 

16-0 

45-2 

54-5 

66-8 

183 

116 

118 113 

0*24 

16*7 

8*1 

27-6 

62-9 

29-0 

28-0 

217 

72 

70 74 

0'27 

160 

10*6 

26-0 

52-0 

41-5 

59-3 

202 

91 

120 95 

0*32 

15-7 

10-4 

26-0 

49-6 

43-5 

58-2 

192 

88 

82 87 

Oil 

17-4 

.7*6 

14-0 

63-2 

46-0 

54-6 

179 

112 

113 112 

0-09 

17*2 

10*9 

14-8 

46-0 

66-0 

66-8 

146 

106 

no 108 

0*12 

18-0 

8-2 

16*8 

54-8 

56-0 

58-2 

163 

120 

120 118 

0*08 

180 

10*5 

18*0 

38-4 

73-0 

75-4 

153 

106 

100 102 

0*23 

17’2 

10*9 

— 

47-1 

45-5 

61-5 

207 

111 

108 108 

0-23 

20-5 

6*64 

25-5 

67*0 

48-0 

39-7 

196 

107 

120 120 

0-24 

20*2 

8*4 

27-0 

53*0 

59-0 

51-4 

185 

118 

120 120 

0*22 

j 23*1 
/ 21*8 

90 

28*0 

50-8 

43-0 

49-7 

196 

46 

48 50 

0*11 

^ 

10-8 

21-0 

39-6 

55*0 

64-7 

166 

100 

100 105 
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When quenched from high temperatures, these steels 
consist entirely of austenite unless their carbon content be 
rather high, in which case some free carbide may be present 
as in Fig. 95. The minimum temperature required to 
produce this condition is about 1000® C. in the “ Anka ” type 
(15/16 per cent, chromium, 10/11 per cent, nickel) but rises 
with increasing cliromium content, a 20 per cent, alloy 
requiring a temperature of about -1150° C. Once this com- 

Table XXXIV. 

Effect of Softening Temperature on the 
Properties of Austenitic Steels. 


Mark. 

Carbon 

% 

Cliromium 

Nickel 

% 

A. 

015 

16-3 

10-7 

B. 

009 

160 

10-9 

C. 

0-27 

160 

10*6 

D. 

012 

180 

8-2 

E. 

0-28 

20-5 

6'64 

F. 

0-24 

20-2 

8-4 


Mark. 

Treatment. 

Yield 
Point, 
tone per 
SQ. inch. 

Maximum 
Stresfl, 
tons per 
sq. inch. 

Elonga* 

tlon 

percent, 
on 2 iuB. 

Beduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. 

Izod 

Impact, 
ft. lbs. 

A. 

W.Q. 1000° C.... 

20-0 

46*6 

61*0 

67*8 

168 

Ill 108 


W.Q. 1850° C.... 

12-6 

38*7 

72*0 

78*6 

126 

105 95 

B. 

W.Q. 1000° C.... 

16-4 

89*6 

66*7 

71-7 

126 




W.Q. 1150° C.... 

14*0 

88*1 

71-5 

75*4 

126 

— 


W.Q, 1800° C,... 

14*0 

86*5 

73*5 

74-5 

107 

— 

C. 

W.Q. 1000° C.... 

26*0 

52*0 

41*5 

59*3 

187 




W.Q. 1150° C.... 

25*2 

46*6 

65*5 

69*8 

156 

— 

. 

W.Q. 1800° C.... 

19*2 

44*6 

70*0 

69*8 

187 

— 

D, 

W.Q. 1000° C.... 

18*5 

58*2 i 

68*5 

58*6 






W.Q. 1100' C.... 

12*0 

58*8 

58*5 

52*0 

— 

— 


W.Q. 1050° C.... 

25*5 

67*0 

48*0 ! 

89*7 

196 

107 120 120 


W.Q. 1150° C.... 

18-0 

51*7 

67*0 

60*4 

170 

110 110 110 

F. 

W.Q. 1060° C.... 

27*0 

58*0 

69-0 

51-4 

185 

118 120 120 


W.Q.USO'C.... 

19*2 

47*0 

67*0 

68-8 

166 

97 loV 108 






Plate XIX 



Kid. ‘.U. “ Ankii" sttrl, as frtst. > 1- 


I’lt I'iU'i* piiui’ M* s] 


Fifl. 95. Free carbide in a fehigh carbon 
au8t<*nitic alloy containing 9-44\ <*arbon. 
20*0®o chromium and nickel, fully • 

softout'd. X 390, 
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pletely austenitic stage has been reached (a condition not 
produced after reheating to temperatures lower than those 
given above, as will be seen presently), the only effect of still 
higher quenching temperatures is the production of a coarser 
grain size. This may be illustrated by Figs. 92 sdid 93 in 
which are depicted the structures of “ Anka ” steel after 
reheating to 1009 ° C. and 1350° C. respectively; note that the 
magnification of the former photograph is six times that of 
the latter. Contrary to general experience witli ordinary 
steels, however, coarse structures such as Fig. 93 do not 
make austenitic steels lose their great toughness ; as witness 
the results on steel A in Table XXXIV. At the same time 
there is no virtue in a coarse structure and its presence in 
these steels may be disadvantageous for other reasons, 
e.g., in material intended for cold pressing operations where 
a coarse grain size is likely to lead to a rough surface in 
a deeply pressed article, a feature common to many metals. 

The remarkable toughness found in these steels even 
when excessively coarse grained has, however, at least one 
very decided advantage ; it enables one to produce castings 
possessing good mechanical properties. Steel castings, as 
a rule, are very coarse grained as cast ; in ordinary steels this 
structure can be refined to a very considerable extent by 
suitable heat treatment. Castings of the hardeiiable stainless 
steels are also rcfineable by similar means, though probably 
with greater difficulty than ordinary steels and not so 
efiiciently. Castings of austenitic steels are, however, 
quite unrefincable by any heat treatment process, but 
nevertheless they give good figures for dueiility and toughness 
as Table XXXV indicates. Tests A and B in this table were 
obtained from castings of considerable size and the coarse 
structure they possessed is evident from the appearance of 
part of the fractured test piece shown in Fig. 96, and the 
typical microstructure in Fig. 94. The latter also shows 
“ coreing ” effects, in the individual grains, due to selective 
freezing ; reference was made to a similar feature in chromium 
steels, on page 85. 

Attention has been called to the low yield point value 
of austenitic steels. As ordinarily determined in tensile 
tests, a value of 15 tons per square inch, or less, is generally 
o!3tained from the completely austenitic material. The 
presence of free carbide in a sample may raise the observed 
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Table XXXV. 

Mechanical Properties of**Anka^' Castings. 


No. 

Carbon 

% 

Chromiuza 

% 

Nickel 

% 

1 

013 

14*9 

10*7 

2 

018 

15*8 

10;6 

8 

008 

14*9 

11*1 

4 

0-18 

14*8 

10*1 


TTo. 

Treatment. 

Yield 
Point, 
tons per 
sg. inch. 

Ma^dmum 
Stress, 
tons per 
sq. inuii. 

Elouga* 

tlon 

per c^nt. 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brlnell 

Hard- 

ness 

Number. 

Bend 

Test 

Izod 
Impact, 
ft. lbs. 

1 

As cast 

120 

31 *2 

51*0 

45*9 



180° 



2 


10*4 

35*8 

690 

60*4 

— 

180® 

98 102 

8 

ri 


— 

29*2 

35*5^ 

36*4 

— 

180® 

— 


14*0 

28*8 

37-0 

30*6 

124 

— 

94 90 91 

li 

99 

15*6 

80*6 

440 

47*2 

116 

— 

85 89 89 

1 

W.Q. 1000® c.... 

15*7 

30*0 

880 

350 

118 

— 

91 98 100 


value appreciably ; a higher value than 15 tons per square 
inch is given, for example, by material containing 20 per cent, 
chromium or thereabouts when quenched from 1000® C. or 
by steels of lower chromium content but containing 0*2 per 
cent, carbon or more when similarly treated. In both these 
cases, the microstructure shows the presence of much free 
carbide, a condition not always desirable from a corrosion 
resistance standpoint. 

When loaded continuously for considerable periods, the 
austenitic steels yield slightly under still lower stresses ; 
movement can frequently be detected in this manner when 
the stress exceeds about ten tons per square inch. The 
stretch in such a case is only small and it is almost certainly 
not continuous ; the strain hardening due to this extension 
raises the yield point with the result that movement gradually 
diminishes and ultimately ceases. 

These steels, as would be expected, have very low 
values for the limit of proportionality ; in the fully softened 
condition probably not more than five or six tons per 
square inch. In some cases, in fact, the load-extensito 
diagram appears to be curved from the origin. As a result, 
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values for Young’s modulus arc likely to vary to some 
extent. The following data were obtained by Prof. Lea, of 
Sheffield University, on samples supplied by the author : — 


Carbon 

% 

(Chromium 

% 

Nickel 

% 

Treatment. 

Limit 

of 

Prop. 

Yield 
Point, 
tonn per 
8(). Inch, 

Maxi- 
mum 
Strew, 
ton« p<ir 
8(], inch. 

j Kediic- 
Elouga- ;• tion 
tlou j of Area 
percent.; per cent, 
on 4 iuH.j 

Young's 
Modulus, 
lbs. p«r 
sq. Inch, 

012 

15-8 

11*2 

W.Q.1000°C.... 

4*0 

13*5 

38-4 

58*0 

1 71*0 

30’0xl0« 

013 

16-2 

10-3 

f9 

6*0 

12*5 

380 

57*0 

! 69*0 

26*6 X 10* 

0-08 

11-6 

15*8 


.3-5 

110 

1 34*8 

53*0 

73-2 

28*9 Xl0» 

012 

1 

18*0 

Q.O 

S 

I 4*0 

13*5 

58*2 

64*0 

68*6 

28*9x10* 

O M 

\ 

\W.Q.1100°C.... 

1 

1 3*5 

1 1 

12*0 

53*6 

5l)*() 

1 520 

1 

28*6 Xl0« 


Dr. Hatfield* found the Young’s modulus of “ Staybrite ” 
to lie between 2G-5 X 10® and 28*8 x 10® pounds per square 
inch, with a mean value of 27*7 X 10®. 

(4) Effects of reheating austenitic steels in the 

RANGE SOO^/GOO"" C. 

It has been claimed on more than one occasion that 
one of the great virtues of the austenitic type of non-corrosive 
steel is that its structure is stable during or after reheating 
to high temperatures. Such steels have no carbon change 
point and are not subject to tempering ; lienee, it is stated, 
the structure they possess when first put into service, 
presuming, of course, they have not been cold worked, 
does not change even though that service involves heating 
repeatedly, or for long periods, to temperatures reached by 
superheated steam or to still higher temperatures. 

There is, of course, a considerable measure of truth in 
this ; the grains of austenite which form, with the exception 
of non-metallic inclusions, the whole of the structure of tlie 
fully softened material may, and in many cases do, remain 
austenite, i.e., they do not change to any other constituent 
after reheating to any temperature sliort of melting. But 
it is not the whole truth. When these austenitic steels are 
reheated in the range 500*^/900'' C., even for very short 
periods, they undergo a structural change wdiich, though 
small, has ver}^ pronounced effects on the resistance of the 
material to many forms of chemical attack. This structural 
change consists in the precipitation of carbide as fine particles, 
very frequently forming a network round the, grains of 

• Private commumcation. 
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austenite which make up the balk of the structure. This 
precipitation takes place so rapidly that a heating of only 
u few minutes duration in this temperature range will suffice 
to bring it about. Figs. and 98 show typical structures 
of material treated in this manner. They are interesting in 
that they were produced by taper heating a small bar of the 
steel in a manner intended to reproduce the conditions 



CARBON y.. 

Fra. 99, Solubility of carbon in stool containing 18% chromium and 
8% nickel (Bain and Aborn). 


obtaining in welding operations. One end of this small bar 
was heated to its melting point by means of an 
oxy-acctylene torch. The operation required only a few 
minutes and the bar was then quenched rapidly in water. 
On preparing the bar as a microsection and etching with 
a 10 per cent, solution of hydrochloric acid in alcohol, it 
was noticed that the narrow band, which had been reheated 
to a dull red heat, etched very quickly as compared with 
the hotter and cooler parts of the bar. The grain boundari^ 
in this narrow band were easily visible after an etching 
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period of ten or fifteen minutes, as indicated in Fig, 97 , 
although by that time the structure of the remainder of th e 
bar was only faintly visible. The reason for the rap id 
appearance of these grain boundaries is due to the fact th at 
they are occupied by a thin film of carbide, a feature mo re 
easily visible in Fig. 98, taken at a nnicli higher magnificatio n. 
In this photograph the film is not quite continuous and t he 
relative invisibility of the grain boundary, where no film is 
present, is striking. 

The rapid precipitation of carbide from austenite may 
occasion some surprise, particularly as one of tlie features 
which distinguish this constituent from ferrite is its power 
of dissolving carbon. Experiment indicates, however, that 
the solubility of carbon in these austenitic chromium- nick cl 
steels varies with temperature and is very small below 
900° C. Recent investigations by Bain and Aborn* show 
that the relation V)etween temperature and solubility is as 
indicated in Fig. 99. In the experiments to which this 
diagram relates, samples of steels of different carbon contents, 
quenched from various temperatures, were examined micro- 
scopically. Those quenched as indicated by the small 
circles in Fig. 99 were free from carbide, but the latter was 
distinguishable in experiments represented by small dots. 
The curve indicates that less than 0 03 per cent, carbon is 
soluble at temperatures below 800° C. 

Reference may usefully be made liere to the behaviour 
of steels containing less nickel than is necessary to give a 
stably austenitic structure. It wdll be observed from curve A, 
Fig. 85, and curve D, Fig. 87, that after vsuch steels have 
been made austenitic by quenching from high temperatures, 
they harden to a considerable extent on being subsequently 
reheated in certain ranges of temperature below OOO'^/OSO® C. 
It will be noticed from Fig. 99 that the solubility of carbon 
becomes appreciable at this temperature (900°/950° C.) above 
which the acquired hardness is reduced. One may suppose 
that on reheating the austenitic forms of such steels in the 
range of temperature producing hardness, there is not 
only a precipitation of carbide but also a change, 
more or less complete, of the austenite into martensite. One 
can conceive that such steels remain austenitic after cooling 
rapidly from a high temperature because, the whole of the 
* “The natare of the Nickel-Chromium Staiulees Steel.” Sept., 1930. 
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. carbide having then dissolved, there is sufficient chromium, 
nickel and carbon in solution to make the austenite existing 
at the high temperature stable during the subsequent rapid 
cooling. On reheating this austenite to lower temperatures, 
however, part of the carbon and chromium fall out of solution, 
as chro\nium carbide, and the remaining austenite is 
not then sufficiently rich in these elements and nickel 
to be stable during cooling. Hence it 'changes more or 
l(!ss completely to martensite, with consequent hardening 
of the steel. 

It appears reasonable to assume that in the steels 
regarded as stably austenitic, the austenite grains still 
retain sufficient chromium, carbon and nickel in solution to 
make them stable despite the precipitation of chromium 
carbide which takes place during reheating in the “ dangerous” 
range —for so may this range of 500°/900° C. be described 
owing to its effect on the resistance to corrosion of the steel. 
If this be correct, a steel which contains a considerable excess 
of nickel, over that necessary to make it aiistcnitic, is likely 
to be less affected in its mechanical properties by heating in 
this “ dangerous ” range than one which contains only a 
little more than this minimum amount. 

Actually the effect on the mechanical properties of steels 
of the “ Anka — Staybrite —V.2.A.” type produced by 
reheating for short periods to temperatures between 500® and 
900® C. is very slight, as is indicated by the results in Table 
XXXVI. But when similar steels are treated at these same 
temperatures for prolonged periods the effects are more 
noticeable, see Table XXXVII, suggesting that the 
precipitation of carbide, though commencing very rapidly, 
requires a considerable time for its completion. Further, 
the more complete precipitation of the carbide reveals 
. differences in the steels not apparent in the shorter period 
tests. Thus the most noticeable features of the results 
in Table XXXVII are the very considerable drop in impact 
value of the higher chromium steel “ S ” and the fact that 
the tensile test result of the bar treated at 700° C. has all the 
characteristics of a hardened and tempered, instead of an 
austenitic, steel. Thus its yield point value is very high 
and its general elongation, apart from the local necking at 
the fracture, is quite low ; the steel in fact appears to have 
lost quite considerably its austenitic character. The “ Anka ” 
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Table XXXVI. 

Effect of Rekealing in the Range 700°/900‘’C. on Mechanical 

Properties. 


Mark. 

Carbon ' 

i 1 

' ('hromlum Nickel 1 

PrcvlouB Treatment. 


% 

1 % 1 % 

% • 

A. 

0*15 

16-7 ! 10-7 

W.Q, 1100°C. 

S. 

0*09. 

16-1 1 8-6 

W.Q. IIOO^C. 


Mark. 

Treatment. 

1 

Yield 
! Point, 
tons per 
sq. Inch. 

Maxi- 
mum 
Stress, 
tons i)er ! 
sq. inch.; 

Elonsa- 1 
tion 

per cent, 
on 2 Ins. 

j 

Reduc- 
tion 
of area 
IHjr cent. 

Brlnell 

Hard- 

ness 

No. 

Izod 

Impact, 

1 ft. lbs. 

A. 

Not reheated 

16*7 

43*7 

74-0 

t 74-.'> 

153 

107 120 116 


Reheated 700°C. for 30 rains. 

17*2 

44*1 

i 74-0 1 

1 69*8 

! 163 

113 112 — 


„ 800°C. „ „ 

15*8 

44*1 

1 71*0 : 

68*8 

170 

100 no 111 


„ 900T. „ „ 

15*8 

44*1 

! i 

66-8 

163 

106 97 106 

S. 

Not reheated 

12*2 

60*2 

50*0 ‘ 

61*0 

156 

120 116 120 


Reheated 700®C. for 30 mins. 

13*8 

61*0 

45*0 

45*9 

166 

101 104 116 


„ SOO^C. „ „ 

13*8 

60*2 

47-0 

49*7 

170 

91 103 120 


„ 900®C. „ „ 

12*8 

60*2 

1 45*0 

45*9 

1 

163 

103 104 114 


Table XXXVII. 

Effect of Prolonged Heating in the Range 500°/!K)0°C. on Mechanical 

Properties. 


Mark. 

Carhon 

j Chromium 

Nickel 1 

Previous Treatment. 


% 

j ”'0 1 

% 1 

/o 

A. 

0*11 

16*7 

10*5 

W.Q. lOOOT. 

S. 

010 

17*2 

7*9 

W.Q. HOOT. 


Mark. | 


Treatment, 


A. ! Not reheated 

i Reheated 500®C. for 1 week, 
i „ 700‘'C. „ 

1 900"C. 


S. 


Not reheated 

Reheated 500‘’C. for 1 week 
„ 700%\ M 

„ 900‘’C. » 


Yield 
Point, 
ton.** per 
sq. inch. 

Maxi- 
mum 
Stress, 
tons per 
sq. inch. 

. .. 

ElonKa- 

tJon 

percent, 
on 2 ins. 

14*0 

42*0 

60*0 

20*0 

460 

64*0 

14*0 

47*0 

41*0 

18*4 

46*0 

69*5 

16*0 

693 

44*0 

21*0 

64*6 

47*0 

48*0 

60*8 

21*0 

18*0 

64*4 

29*0 


Ileduc- 
lion 
of area 
percent, 


70*7 

75-5 

62*2 

65- 8 

634 

66 - 8 
62*2 
52*2 


Izod 
Impact, 
ft. lb». 


119 

94 

92 

50 

109 

30 

41 

24 


T3rlneU 

Hard' 

new 

No. 


166 

163 

170 

159 

170 

179 

269 

179 
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type of steel, which owing to its higher nickel content is 
more stably austenitic, is much less affected by the prolonged 
heatings, though such changes as are produced in it tend in 
the same direction as in the “ Staybrite ” steel. 

The microstructure of these samples which had been 
reheated for a week contained very much free carbide, as is 
evident from Figs. 100 to 102. It seems probable that the 
precipitation of this carbide has displaced the composition of 
the remaining austenite grains towards curve B in Fig. 82. 
As a result steel S has partially reverted to the martensitic 
type ; steel A, on the other hand, contains more “ excess ” 
nickel (see page 158) and hence has remained austenitic. The 
fact that the network and particles visible in Figs. 97, 98 
and 100 to 102 really consist of carbide may be proved by 
repolishing the sections and re-etching them with Murakami’s 
reagent, which darkens the carbide but leaves the rest of 
the structure unattacked, see Fig. 103. 

Although the effect of these carbide films on the 
mechanical properties may not be great even after prolonged 
soaking and is generally negligible after short reheatings, 
their presence may be completely disastrous from a corrosion 
resisting point of view. This aspect of the matter and also 
that of the use of the steels for continuous service in this 
range of temperature will be dealt with in later chapters. 

Not only arc the carbide films produced by reheating 
the steels in the range 500°/900®C., but they also form during 
slow cooling through this range from higher temperatures. 
For example, structures quite similar to Figs. 97 and 98 were 
obtained by merely checking the air cooling of small samples 
for twenty minutes at 500'^, 600*’, 700° and 800°C. during 
cooling from 1,000° or 1,200°C. Consequently the steels 
should always be rapidly cooled, e.g., by quenching in water 
or oil or, if of very small size, cooling freely in air, from 
1,000°/1,200°C. for their final heat treatment operation. 
The necessity for rapid cooling must be emphasised ; thus 
the rate of cooling produced by allowing a bar 1 inch in 
diameter to cool freely in the air from the necessary softening 
temperature (e.g., 1,000°/1,200°C.) is not sufficiently fast 
to prevent the formation of intergranular carbide films in 
many of these steels. 

The precipitation of carbide during even moderately 
slow cooling from 1,000°C. or over, restricts the use of forged 



Plaii- XXU 





Plate XX III 



V'lc,. 1U4. ‘•Aiikir’HtwI. O-U'VciirlHm, 
chriimniin, KtS",, iiicki'l, i'iiIIhI ii( 
WKI ('. : sliDWiii;! ciirbiili' lilms ; ctcliHl 10% 
liydrochloric aeid. x UKl. 

'I’tJ llU'U I'JllK,' 171.J 



Ki(i. m. “Anka” str(‘l,(H4^,(‘arbrm. 

cliromium, 10’S% nn‘k«‘l. rolled at 
SIKI ('. ; sliowiiifi carbide films; ctclicd 
hydroclilonc acid, x 7o0. 



THE INFLUENCE OF OTHER ALLOYS 171 


or rolled material without subsequent heat treatment. The 
fact that rolled bars of small size are hardened to some extent 
by tlxe rolling operation has been mentioned before. The 
mechanical properties of such bars, the rolling of which was 
completed at a temperature not low'cr than about DOO'^C., 
are given in Table XXXVIII along with the results obtained 
on the same bars after softening. The properties of the 
rolled material are, interesting to the engineer, particularly 
on account of higher yield point value as compared with heat 
treated material. This value may indeed be raised quite 
considerably by using still lower rolling temperatures, as is 
evident from the tests in Table XXXI X. Unfortunately how.- 
ever, the use of these low rolling temperatures involves the 
material being held for quite an appreciable interval in the 
“ dangerous ” range and as a result the structure of bars so 
treated contains quite noticeable films of carbide, even 
though they were reheated, prior to rolling, to a sulficiently 
high temperature to produce the completely austenitic 
condition. This for example was the case in the experiments 
summarised in Table XXXIX, but the structure of bar F, the 
finishing temperature of which was 78()T.., disclosed the 
presence of much carbide as is evident from Figs* 104 and 
105. One may also notice the pronounced distortion of the 
grains in these photographs. 


Table XXXVIII. 

Comparison of Rolled and Heat-treated Bars of Austenitic Steels. 


\ 

1 Chro- 
Carbon | inium 

% ( % 

! 

. Nickel 

1 

i 

" 

Size 

of 

Bar. 

Treatment. 

Yield 
Point, 
Urns per 
HQ. incli. 

Maxi* 
mum 
StrCBH, 
tons per 
Hq. inch. 

Elonfta- 

tion 

lH‘.r cent, 
on 2 Ina. 

llftduc- 
tfoii 
of Aren 
per cent. 

Brliicll 

Hurd" 

nc88 

No. 

Izod 
Impact, 
ft. 11)8. 

0*10 

15*2 

1 11-4 

ir 

Rolled 

280 

43*6 

r>io 

07*8 

202 

113 



j 


W.Q. 1000“C. 

191 

38*9 

70*0 

726 

137 

107 

O'lO 

15*0 

1 9-0 

r 

Rolled 

33-4 

70*7 

450 

69*7 

241 

120 



1 

IV 


26-8 

68*0 

430 

49-7 

212 

120 



1 : 
1 

: ! 

w.q!'iooo®c.’ 

16*4 

1 58*9 

67 0 

51*0 1 

163 

j 

118 

0-21 

16'4 

10*3 

V 

[ 

Rolled 

36-5 

64*7 

43*0 

55*8 


108 



j 

»» 

W.Q. lOOOT. 

18*8 

46*7 

64*0 

67*8 

163 

116 

0-24 

20-2 

i 8‘4 

V 

Boiled 

43*8 

69'8 

37*3 

63*0 

248 : 

68 



1 


W.Q. 1060®C. 

27*0 

63*0 

59*0 

51*4 

1 185 

1 ' 

119 
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It follows from this that bars or forgings should not be 
used in the rolled or forged condition unless these opera-^ 
tions can be so controlled that they are completed before 
the steel has cooled below about 950°C., so that the forged 
or rolled product may then be rapidly cooled. The use of 
bars With a high yield point value obtained by deliberate 
rolling at low temperatures, as those in Table XXXIX, is very 
undesirable, as it is extremely likely to* lead to disastrous 
corrosion troubles. A similar remark applies to attempts 
to use partially softened material produced by reheating 
work hardened bars in the range TOO^/OOO® C. (see Fig. 91). 


Table XXXIX. 

Effect of Rolling Temperature on the Mechanical Properties 
of ‘‘ AnkaJ^ 


Carbon 

Silicon 

Manganese 

Chromium I 

Nickel 

% 

% 

% 

o/ 

1 

i % 

1 

0-14 

0*12 

0*20 

14-9 

10-8 


1 sq., bars rolled to ly sq. The If'' bars were heated 
to 1150® C. prior to cooling to and rolling at the 
temperatures given. 


Mark. | 

1 Temperature 

1 of KoUhig. 

Yield 
Point, 
txins per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. | 

i 

Izod 
Impact, 
ft. lbs. 

Be- 1 
ginning. 

End. 1 

A. 

1150° 

1000° 

18*7 

48*3 

57*5 

67-8 

179 

116 115 

B. 

1000° 

950° 

20*7 

43*9 

550 

67*8 

179 1 

— 

C. 

950° 

930° 

22*6 

43*1 

52 5. 

61*5 

187 

— 

D. 

900° 

850° 

25*6 

47*5 

50*0 

65*8 

217 

— 

E. 

850° 

800° 

26*6 

47*1 

49*5 

64*8 

228 

— 

F. 

800° 

780° 

85*4 

47*7 

45*0 

66*8 

223 

116 116 


In all the tests given for the austenitic steels, it wilLbe 
noted that the ratio of tensile strength (expressed in tons per 
square inch) to Brinell hardness number differs appreciably 
from that found for the hardcnable stainless steels or for the 
general run of carbon or alloy steels. For the latter, the 
ratio has a value varying between 0*22 and 0*24. In the 
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case of the austenitic steels it has a much higher value, 
•sometimes reaching 0*35 ; and moreover, it varies to a 
greater extent than with ordinary steels. Owing to the 
relatively constant value of the ratio, in the case of ordinary 
steels, the Brinell hardness value has been widely used in 
estimating the tensile strength of these steels, but it*should 
be used with considerable caution for the same purpose in 
connection with austenitic steels. If the ordinary figures 
applicable to most steels are used, the calculated value of 
the tensile strength so found from the Brinell hardness 
number, will be less than that actually obtained from 
a tensile test by an amount which varies with the con- 
dition of the steel. As a general rule, the difference is 
greater when the material is in its softest condition and less 
when it is more or less work hardened ; it is also likely to be 
greater with a steel which contains little more than sufficient 
nickel to make it austenitic than with one containing two or 
three per cent, more than this minimum amount, because the 
former steel work-hardens at a considerably faster rate than 
the latter, 

( 5 ) Effect of Cold Work on Austenitic Alloys. 

The effects of cold work on austenitic steels have 
some extremely interesting features. Their higher rate 
of work-hardening has already been referred to in 
relation to the effect of nickel on steels containing 
20 per cent, cliromium (page 155), but as this point is 
rather important, it may not be out of place to dwell 
on it to some extent as thereby disappointment in 
the use of the material for cold-working operations may be 
avoided. 

The fact that these steels give very high values for 
elongation per cent, in tensile tests and have also a compar- 
atively low yield point, has been adduced as evidence of 
great capacity for undergoing deformation when cold -worked. 
This is quite correct, and one of the features of the steels is 
their capability of being pressed, in the form of sheet, into a 
variety of shapes. But it should also be borne in mind that 
the type of tensile test obtained indicates that the material 
hardens considerably as a result of cold work. 

Typical load extension diagrams obtained from tensile 
tests on a stainless iron and an austenitic steel are reproduced 



174 


STAINLESS IRON AND STEEL 


in Fig. 106. Each test-piece commenced to extend plastically 
at its yield point and the fact that it was able afterwards 
to carry a still greater load, despite its diminishing cross- 
sectional area, shows that the material hardened as a result 
of thi§ plastic flow and thus required a higher stress to 
induce further flow. At the maximum load, the test-piece 
commenced to neck, owing to the rate of reduction of cross- 
sectional area becoming greater than the rate of increase in 
hardness in the steel. Whereas, however, the stainless iron 
reached its maximum load after its cross-sectional area had 
been reduced some 15 per cent., the austenitic steel continued 
to extend 45 or 50 per cent, before necking commenced. 
The difference between the two steels is shown strikingly 
by calculating the stress at maximum load in terms of 
cross-sectional area of the test-piece at that moment. These 
figures are 46*5 and 66*0 tons per square inch for the stainless 
iron and austenitic steel respectively. 



The behaviour of these test pieces would lead one 
to suspect that when these austenitic chromium-nickel steels, 
such as “ Anka,” ‘‘ V.2.A.” or “ Staybrite,” are cold-worked, 
they would flow very easily at first, considerably easier, for 
example, than stainless iron with its higher yield point, 
but as the degree of cold work increases they would stiflen 
pauch more rapidly than the stainless iron so that samples 
which had to be heavily cold-worked without intermediate 
annealing would be expected to require considerably heavier 
pressure or blows to perform this operation than, for example, 
siniilar pieces of stainle^ iron. 
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Actua^lly this is found to be the case, and to give some 
concrete expression to this hardening effect, one may compare 
the behaviour of small cylinders of “ Anka ” steel and 
stainless iron when being compressed cold* Fig* 107 gives 
the relationship between load and reduction in hejght of 
small cylinders (0-06 in. long and 0*535 in. diameter) when 
compressed under steadily increasing loads and indicates 
that while the “ Anka ” cylinder lost height under small 
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COMPRESSION ( tNCHce ) 

Fig. 107. Compression tests on Anka steel (A) and stainless iron (B). 

loads at a greater rate than the stainless iron, thus under 
a load of 10 tons the former was reduced 14*5 per cent, and 
the latter 7*45 per cent., the relative rates changed greatly 
as the load increased, so that with a load of 80 tons the 
“ Anka ” was reduced only 41*4 per cent,, the corresponding 
figure for the stainless iron being 58*4 per cent. 

These figures provide an explanation of what has been 
found in certain cases in practice. Thus experience has 
shown that cold riveting operations are much more easily 
* carried out with stainless iron than 'mth the austenitic steels. 
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When rivets are being closed, those made of the latter 
material flow easily at fi^t but stiffen up under the operation 
so that the final forming of the head is more difficult than if 
rivets of stainless iron are used. 

I^ile, however, one may say quite correctly that the 
steels of the austenitic group as a whole work-harden at a 
faster rate than the stainless irons, they vary considerably 
among themselves, some of them hardening at a much faster 
rate than others. Evidence of this was given on page 155, 



Fia. 108. Work hardening tests ; relation between hardness and degree 
oompression. 

A. Kiokd^I Silver. 

B. Mild Steely 0*15 per cent, carbon. 

Cs 0*1 per cent, carbon, 13*5 per cent, chromium, 0*27 per cent* nickel. 

Be 0*00 „ „ 16*0 „ 10*9 

0*12 „ „ 18*0 „ M 8*2 

Fe 0*28 „ 20*6 „ 6*64 

vdiere the effects of addmg nickel to steel con t ai nin g twenty 
per cent, elmmium were discussed. - It is also deadly sho^ 
in* Sig. 108, in whidi are plotted the results of conqwession 
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tests on various types of austenitic matwial commercially 
Available. For comparision, results similarly obtained on 
stainless iron, mild steel and annealed nickel silver (as 
being typical of material much used for cold pressing opera- 
tions) are included. The austenitic alloys used for these 
tests had all been softened by water quenching from 1,000*C.; 
some of them may be obtained in a softer condition 



Eiq. 109. Work bardeniag testa ; effect of softening tompemturi). 


Curve, 

Carbon 

Manganese 

Cbromium 

Nickel 

Softening 

A. 

% 

O'll 

% 

0-17 

7o 

n'4 

% 

7'6 

Temperatuxe. 
1,000** C. 

B, 


0*15 



1,100** a 

C. 

0-12 

18-0 

82 

1,000** a 

D. 

E. 

E. 

»> 

1-2 

0-09 

tf 

12*4 

0-17 

IfrO 

10-9 

1,100® c. 
1,000® a 
1,000® a 


by quenching from higher temperatures, but the rate of 
work'hardmng is not thereby reduced. For example, the 
results obtained from two steels of the “ Staybrite ” type 
are plotted in fig. 109 ; in each case the use of IflOO’C. as 
'a quenching temperature has lowered the initial Brineil 
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hardness number, but the curve obtained frtm the stator 
material runs, in each case, parallel to that from Hie same 
steel softened at 1,000°C. Curves from an “ Anka ” steel and 
also from a typical “ Manganese ” steel are included ; that 
of the ^tter is especially interesting as it shows that this 
material hardens at a rate very similar to that of “ Stay- 
brite." 

Again, the presence of a carbon "content somewhat 
higher than is usually present in these steels, hardens them 
appreciably. In this case also the use of a higher softening 
temperature than 1,000‘’C., produces a distinct lowering of 
the hardness of the steel. Fig. 110 illustrates this but also i 



Fig. 110. Work hardening teats ; effect of carbon content. 


Curw. 

Carbon 

Chromium 

Nickel 

Softening 


% 

% 

% 

Temperature. 

A. 

•27 

16-0 

10-6 

1,100'^ C. 

B. 


ff 

- 

1,160'’ C. 

C. 

D. 

•09 

16-0 

10-9 

1,100® C. 
1,160® C. 


shows that again the rate of work-hardening is not appreci- 
ably altered. It is also evident from this diagram that 
l,00b°C. is adequate as a softening temperature for a normal 
“ Anka ” steel, containing 0*15 per cent, carbon or leai. | 
Frpm the point of view of the user who wishes to cold- 
woric these alloys in various ways and who has probably 
machines of strictly limited power at his disposal, the loads 
neemsary to produce similar amounts of deformation in the 
.various steds are of paramoimt importance. Fig. Ill 
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su{^lies tills infommticNpt atid indicates the naicb greats 
■ease ivith whidi some of the steels may be compres^ as 
compared with others. For comparison, results obtained 
on stainless iron, mild sted and annealed nickel silver ate 
again included. 



PER CENT COMPRESSION 

Fig. 111. Work hardening teste; loads neceesar; to produce stated 
amounts ol compression. 


A. Nickel Silver. 

B. Mild Steel, O'l per cent, carbon. 

C. (M)l per cent, carbon, 13-6 per cent, chromium, 0 • 2 ^ per cent, nickel. 

D. (W)9 „ „ 16-0 „ „ 10-9 „ 

E. 0-12 „ „ IS-O „ „ 8-2 ., 

F. 0-23 „ ,. 20-8 „ 8*64 „ 

A study of Figs. 108 to 111 indicates that the softest 
austenitic steel, of those described, is the “ Anka ” type, 
containing 15/16 per cent, chromium and 10/11 per cent, 
nickel, with low carbon. But even this is distinctly harder 
than, for example, nickel silver. This causes no gmat 
difficulty if the machines used for cold-working operations 
have a good reserve of power, but many existing machines 
have been designed to deal with very soft metals, coppo, 
brass, nickd-silver and tiie like, and when these machine 
axe used for the austenitic stainless steels, some modification 
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of the operation may be necessary for the softest “ Anka ” 
and still more so for the harder “ Staybrite ” steels. The 
results of efforts to produce still softer austenitic alloys, 
which may be more amenable to certain commercial cold- 
working operations, for example in the production of spoons 
and forks and other household utensils, are illustrated in curves 
A and B, Fig. 112. For comparison, curves C and D 



Fio, 112. Work hardening tests ; special soft alloys. 


irve. 

Carbon 

% 

Chromium 

% 

Nickel 

% 

Softening 

Temperature. 

A. 

0*13 

11*2 

11-9 

1,000° C. 

B. 

0-08 

11*6 

16-8 

1,000° C. 

G. 

0-12 

18-0 

8-2 

1,100° 0. 

D. 

0*09 

16-0 

10*9 

1,000° C. 


refer to the standard “ Staybrite ” and Anka ” materials. 
For many household (and other) purposes, a chromium 
content of 12 per cent., or thereabouts, is sufficient to ensure 
adequate resistance to corrosion ; to this lower chromium 
content as well as to their higher content of nickel is due the 



THE INFLUENCE OF 0TH|:R ALLOYS 181 


greater ease of working steels A and B as compared with C and 
.D respectively. The loads required to compress these four 
steels are plotted in Fig. 118 and an inspection of these curves 



Fia. 113. Loads necessary to compress steels. 


Curve. 

Carbon 

% 

Chromium 

% 

Nickel 

% 

Softoning 

Tompeiataie. 

A. 

0-13 

11-2 

11-9 

1,000“ C. 

B. 

0-08 

11-5 

15-8 

1,000“ a 

a 

0-12 

18-0 

8-2 

1,100“ a 

D. 

0-09 

16-0 

10-9 

1,000“ c. 


shows that, when using machines of limited power, the degree 
of deformation possible at one operation varies considerably 
among the four steels. 

In passing, it may be noted that the capacity of the 
austenitic steels for hardening rapidly when cold -worked 
accounts for the ratio between tensilfe strength and Brinell 
hardness number of these steels being greater than it is for 
other steels. The degree of cold working produced in the 
Brinell test is relatively less than in the tensile test and hence 
the greater hardening effect produced in the latter raises the 

ratio of the austenitic steels and often to a 

Brinell number 

considerate extent, as was noted on page 172. Inddenttly 
it may be observed that the value of this ratio gives an 
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approximate idea of the work-hardening capacity of the 
steel. The higher this ratio is, the more rapidly the material 
will harden by cold work. Other things being equal, there- 
fore, a steel with as low a value as possible for this ratio 
should be selected for cold-working operations ; if this low 
value is also associated with a low value for the tensile 
strength of the material, so much the better. 

There is also another interesting peculiarity of the 
austenitic steels and one which suggests that the effects 
produced on them by cold-working are not independent of the 
rate of application of the load. It is known that values 
obtained for the tensile strength of ordinary carbon steels. 



Tto, 1 14. Effect of duration of test on value obtained for texisile strength. 


Curve, 

Carbon 

Chromium 

Nickel 


% 

% 

% 

A. 

0*16 

16*7 

10*7 

B. 

0*09 

16*0 

8*6 


and also alloy steels of the hardenable type, are practically 
una^ectedfby the rate at which the tensile test piece is 
loaded. This does not apply to the austenitio stec^ ; the 
value obtained for their tensile strength is lowor, the more 
mpidly the piece is elongated. Results obtained from two 
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steels are plotted in Fig. 114, and from this it would appear 
.that this feature of austenitic steels is not unrelated to the 
rate at which they harden when cold-worked ; the faster 
this rate, the greater the effect of variations in the pulling 
speed on the value obtained for tensile strength. 



Fio. 115. Tensile strength of cold-drawn wire and cold-rolled strip. 


Curve. 

Form. 

Carbon 

% 

C/hromium 

% 

Nickel 

% 

Previous 

Treatment. 

A. 

Strip. 

0-10 

17*1 

8*1 

A.C. i.oeo” C. 

B. 

Wire. 

— 

15-0* 

lO'O* 

A.C. 980“ C. 

C. 

Strip. 

0-15 

16-7 

10*65 

A.C. l.OSO' 0. 


* Approximately. 


As a result of the rapid rate of work-hardening of the 
austenitic steels, it would be expected that the increase in 
tensile strength, produced by drawing wires of this material 
definite amounts, would be greater than in the case of the 
ordinary stainless irons and steels. A comparision of the 
slope of the curves in Figs. 78 and 115 shows that this is the 
ease ; the latter diagram also indicates that wire and strip 
of high tensile strength may be obtained from the austenitic 
steels. 

Details of tensile and bend tests on the strips whose 
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maximum stress values are plotted in Fig. 115 are given in 
Table XL. Both these and the results in Table XLI, 
relating to bright drawn bars, show that austenitic steels 
possess good ductility and toughness even when cold- 
worked considerably. 

Work-hardened samples of austenitic steels, on being 
reheated to a series of gradually increasing temperatures, 


Table XL. 

Mechanical Properties of Cold Rolled Strip, 



Carbon 

Chromium 

Nickel 

Initial Thlckneas. 


% 1 

% 

% 


A. 

0-15 

15-7 

10-6 

0-182* 

B, 

0-10 

17-1 

8-1 

0132'' 


Condition. 

Per cent, 
reduc- 
tion. 

Proof 

Load. 

" 

Maxlmun 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 4 ins. 

Brinell 

Hard- 

ness 

Number. 

Bend Test. 

Eeverse 

Bend. 

A.C. lOSO^C. 

nil 

21*9 

47*6 

51*5 

149 

ISO® over2T. 

3 

Cold Rolled 

7-7 

88-2 

51*5 

37*0 

228 

f f 


it it 

11-5 

430 

53*2 

82*0 

245 

it 

2i 

it j» 

15-4 

50-3 

57*6 

25*0 

269 

if 

2 

it n 

19-2 

52-3 

60-6 

22*5 

277 

ii 

4 

a a 

22-7 

54-0 

60-4 

20-0 

298 

ii 

2 

»» a 

26-5 

60-3 

64-5 

16*0 

298 

ti 

n 

a ti 

30-3 

64*6 

67*4 

11*0 

302 

180° over2iT 

i 

a ft 

341 

66-0 

72*1 

9*5 

321 

180° over 8T. 

3t 

39*3 

71-9 

73*8 

9*0 

321 

}f 


A.C. 1050 ... 

nil 

19-2 i 

61-2 

60*0 

149 

180 over 2T. 

3 

Cold rolled 

7-7 

30-3 

68*9 

45*0 

228 

ii 

2 

ii >1 

11*5 

39-2 

71*4 

86*5 

262 , 

it 

1 

it >f 

15-4 

450 

75*5 

85*0 

298 

it 

2 

♦ > >» 

19-0 

50*3 

76*5 

31*5 

302 

it 

i 

1) 

22-7 

60<5 

83*0 

26*0 

340 

180°,over 2T^ 
cracked 


if 

26-5 

69-0 

86*1 

28*0 

364 

180° over 2T 
broke 

0 

«> if 

303 

78*0 

90*8 

19*0 

387 

150° over 7T. 
cracked. 


it n 

33*3 

84-7 

91*4 

16*0 

375 

180° over 6T. 
broke. 
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Table XLL 

Mechanical Properties of Bright Drawn Anka^^ Rods. 


Mark. { 

Carbon 

% 

Chromium 

Nickel 

% 

A. 

01 1 

14-9 

10*8 

B. 

0*09 

170 

104 


Mark. 

Original 

Size. 

Condition. 

O' 

0 

Rednc- 

tiou. 

Yield 
Point, 
tons per 
BQ. inch. 

Maximum 
Stress, 
tons per 
sg. nch. 

Elouga* 

tlon 

l)erccnt. 
on 2 InB. 

llediic- 
tlon 
of Area 
percent. 

Izod 

Impact, 
ft. IbB. 

A. 

r 

W.Q. lOOOX . 

nil 

201 

44*2 

62-5 

69*9 

120 120 120 



Bright drawn 

8*1 

87*4 

51*6 

50*0 

62*2 

97 

99 

99 



>» >> 

15*9 

51-0 

58*2 

87*0 

61*5 

43 

49 

47 

A. 

1 

r 

yt )) 

12*0 

41*6 

531 

50*0 

66*8 

69 

72 

71 

1 


n yy 

28*2 

52*0 

68*2 

83*0 

62*1 

89 

87 

87 

B. 

U' 

W.Q. 1000° C . 

nil 

180 

480 

57*0 

67*8 

106 110 108 



Bright drawn 

5*7 

26*8 

46*3 

48*0 

63*6 

95 101 

99 




10*0 

83*4 

51-3 

47*0 

63*6 

92 101 

101 


behave in a similar manner to other work-hardened metals. 
Their hardness is practically unajffectcd by reheating to any 
temperature below a certain value characteristic of the metal, 
though not independent of the amount of cold work the 
latter has received ; reheating to higher temperatures than 
this value produces a more or less rapid fall in the hardness. 
In the case of the austenitic chromium-nickel steels, this 
critical temperature occurs in the range 5007600®C. ; its 
position, however, depends probably on the actual composi- 
tion of the steel and certainly on the degree of cold-working 
to which the latter has been submitted ; severely cold-worked 
materials may commence to soften at temperatures somewhat 
lower than 500°C. 

If a series of cylindrical samples of one of these steels be 
hardened by compressing them definite amounts, and the 
individual samples be then reheated to various temperatures 
up to 1,100°C., the Brinell hardness values of these reheated 
samples plotted against their respective reheating tempera- 
tures will give curves of the type shown in Fig. 116. These 
curves possess a notable feature ; the softening appears to 
take place in two stages, one commencing at 5007600®C. and. 
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the other at 800^/875®C. It seems very probable that the 
retardation of the rate of softening as the temperature rises, 
between 600° and 800° or 850°C. is due to the precipitation 
of carbide as a network round the grains of austenite. Such 
a network of hard material (and all carbides in steel are hard 



Ffo. 1 16. Effect of ic<heating to the temperatures indicated on hardness 
of oold-worked steels. 


Curve. 

Carbon 

Chromium 

Nickel 


% 

% 

% “ 

A. 

0-13 

11*2 

11-9 

B. 

0-08 

11-6 

15-8 

C. 

0*12 

18-0 

8-2 

D. 

0-16 

16-0 

11-2 


substances) is likely to stiffen the structure and hence counter- 
act in some measure the loss in hardness which might be 
expected to occur as the reheating temperature rises above 
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600® C. At 900® C. the catbide films have ** balled up ’’ 
appreciably (see Fig. 102, page 170) and hence do not harden 
the material so much. One may liken the effects of this 
carbide network to that of free ccmentite in ordinary tool 
steels ; the latter are distinctly harder when the cementite 
they possess exists as a network round the grains of pearlite 
than when it occurs as separate, more or less rounded, 
particles. 



Fia. 117. Effect of re-heating on tensile properties of cold-rolled strip. 

Carbon Chromium Nickel 

% % % 

016 16-7 10-66 

The results of tests on cold rolled “ Anka ” strip, after 
reheating to various temperature up to 1,000° C. are plotted 
in Fig. 117. One may observe that the tensile strength fails 
fairly uniformily between 600° and 1000°C., but that the 
values for proof load* and Brinell hardness number show the 
characteristic break in the curve at 800°C. 

Results on a rather less stably austenitic steel, contain- 
ing 17*1 per cent, chromium and 8-1 per cent, nickel, are still 

* The proof load is that pioduoiiig an extension of 0‘6 per ooit. of the gsnge 
lokrth ; it is expressed in tons per square inch of the original croas-Beotional area 

of we test pieoe. 
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more striking. As depicted in Fig. 118, the tensile strength 
rises slightly as the reheating temperature increases from. 
600^^ to 800°C., while the elongation values on the strips 
reheated in the range 500®/800''C. are all lower than that of 
the cold rolled strip. The curves for proof load and Brinell 
hardness number again exhibit the break at 800°C. 



Fig. 118. Effect of re-heating on teneilo properties of cold-rolled strip. 

Carbon Chromium Nickel 

% % % 

0*10 17 1 81 

The lessened ductility referred to above may be ascribed 
to the presence of free carbide in the samples reheated to 
temperatures between 500® and 800®C. The same effect, in 
a rather more pronounced degree, may be noted in the results 
given in Table XLII, w^hich relate to experiments on the 
cold rolled strip referred to in Fig. 118, Pieces of this strip 
were reheated to 850®/900®C., and slowly cooled; others 
were softened by reheating to 1,050®C., followed by coolingin 
the air. Some of each set of samples were then cold rolled, 
various amounts and the results of tests on these strips are 
collected in Table XLII. It is obvious that the strips 
which have been annealed at 850®/900®C. prior to the final 
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cold rolling are considerably less tough and ductile than those 
which had been softened at 1,050°C. 

These results have an important bearing on the practical 
use of the steels for cold working operations and they will 
be referred to in a later chapter. Suffice it to say nojw that, 
although cold-worked austenitic steels may be partially 
softened by reheating to temperatures between 800® and 
1,000®C., it is rare that practical use can be made of such 
partial softening. Generally speaking, when cold-worked 
material has to be softened, it should be reheated to tempera- 
tures between 1,000® and 1,200®C., depending on its composi- 
tion, and not to any lower temperature. 


Table XLIL 

Effect of Annealing Temperaittre on Cold Rolled Strip. 


Carbon Chromium Nickel 

% 

010 171 81 


Prior treatment : Cold Rolled 20 per cent. 


Treatment. 

1 

Proof 

Stress. 

Maximum 
Stress, 
tons i>er 
sq. inch. 

EloHRa- 

tlon 

per cent, 
on 4 ins. 

Reverse Bend 
over 3T. 

Annealed 850°C. 

31-8 

59C 

200 


cold rolled 4% 

44-9 

02*5 

150 


„ 10% 

50-5 

66*7 

12-5 

nif 

A.C. 1050°C. 

170 

55 0 

60 0 

9 

cold rolled 14% 

88*5 

78-2 

860 

li 

„ ,, 19% 

50-9 

78-5 

82 0 

i 


The microstructurc of cold-worked material presents 
some interesting features. A slight amount of cold-work 
distorts the graifis to some extent and also causes them to 
be crossed by series of fine parallel lines ; similar features 
are also often found in the microstructure of hot rolled bars. 
For example, Fig. 119 represents the structure of a rolled 
bar, one inch in diameter, of “ Anka ” steel ; rolling in this 
case commenced at about 1,100®C. and was completed by 
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about 900*^0. When heavily cold-worked, the grain dis- 
tortion becomes much more pronounced while the series of 
fine lines, becoming very numerous, produce a dark appear- 
ance in parts of the grains in the manner indicated in Fig. 120. 
When such cold-worked material is reheated, recrystallisation 
effects are very evident at 700°C., the heavily distorted 
grains visible in Fig. 120 being replaced by excessively fine 
equiaxed grains. Samples so treated, however, do not etch 
evenly; thus the appearance of Fig. 121 suggests that 
recrystallisation has progressed further in the lighter portions 
than in the darker. As the reheating temperature rises, the 
fine dust-like grains just visible in Fig. 121 grow in size 
while the evidences of heterogeneity in structure become less 
pronounced. Fig. 122, for example, shows a sample after 
reheating to 900°C. Finally, in the case of this steel, all 
evidences of cold-work were removed at 1,000®C., producing 
the structure shown in Fig. 92 (page 168). 

Reheating cold- worked material to temperatures between 
about 500° C. and 900° C., causes a precipitation of carbide, in 
addition to the more or less complete recrystallisation of the 
austenite ; but the mode of precipitation is not quite the 
same as in fully softened material similarly reheated. In 
the latter case, the carbide forms a network at the grain 
boundaries of the austenite but the grains themselves remain 
practically free from carbide, as is shown in Figs. 97 and 98. 
In cold-worked material, however, the carbide is precipitated 
not only along the grain boundaries, but also along the slip 
planes produced during the cold-working operation. 

Probably the most striking characteristic of austenitic 
steel is that it cannot be hardened by quenching ; it is so 
contrary to the popular notion of steel being a carburised 
form of iron which may be so hardened. While the possession 
of this non-hardening capacity is in many ways an advantage, 
it has certain drawbacks. The property of hardening by 
quenching from suitable temperatures and that of lessening 
this induced hardness by tempering, permits one to har^den 
locally — or to soften locally — ith comparative ease, articles 
made from ordinary steel. For example, the cutting edges 
of chisels or of turning tools are hardened locally, the rest of 
the tool remaining soft. It is a more difficult operation to 
harden locally an article made from an austenitic steel, and 
it is well nigh impossible if the article already possesses its 
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final shape and dimensions. There are certain purposes, 
however, where local hardness in an austenitic steel would 
be valuable. For example, some of these steels have notable 
resistance to oxidation at high temperatures and on that 
account are used as valves for certain types of internal 
combustion engines where the head of the valve fs quite 
likely to become red-hot during use. The superior resistance 
to oxidation of these particular austenitic steels, and also 
their considerably greater strength at high temperatures, 
enable them to function more satisfactorily for such valves 
than ordinary steels and many other types of alloy steels. 
But the softness of the austenitic steel at ordinary tempera- 
tures, and also its low yield point, introduce a difFieulty ; the 
tappet end of the stem of the valve, where it conies in contact 
with the tappet which operates it, becomes worn or mush- 
roomed owing to the hammering action of the latter. If the 
end of the stem could be hardened locally, the trouble would 
be avoided, but generally this is not feasible. It has been 
suggested, however, that alloys containing less nickel than 
is necessary to make them completely austenitic w^ould solve 
this difficulty. Such alloys, as is evident from curves A and 
B, Fig, 85 and curve D, Fig. 87, may, by suitable treatment, 
be made either martensitic or austenitic ; hence in an article 
such as a valve, the head and most of the stem could be in the 
austenitic condition while the cud of the stem could be made 
harder locally by suitable treatment and thus overcome the 
“ mushrooming ” difficulty mentioned above. At first sight, 
the idea appears interesting — ^the head and the stem of the 
valve would be tough, a characteristic feature of these 
austenitic steels, while the foot would have the necessary 
hardness — until it is remembered that this austenitic head 
would also become hard after a brief spjourn in the range 
600®/900®C. and hence very liable to break off. The minimum 
temperature required to produce notable hardness itr this 
manner would vary with the nickel and chromium contents 
of the steel, but curve D of Fig. 87 shows that it might occur 
at 550°/600®C. and valves which do not reach a higher 
temperature than 550®/600?C. in service can be made quite 
satisfactorily from much cheaper steels than these “ l>order- 
land ” austenitic-martensitic chromium-nickel steels. 

Apart from this, how:cver, the capacity for local harden- 
ing by heat treatment in such steels would be considered 
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dearly bought when the difficulties of working them are 
taken into account. Thus w'hen austenitic, they worl<^ 
harden so rapidly that machining operations, particularly 
sawing and drilling, are difficult* and the same remark also 
applies^ to many other manipulative processes, such as shear- 
ing and bending or straightening. On the other hand, when 
hardened and tempered, they never become very soft as a 
reference to Figs, 85 and 86 show’^s. 



Reheating Tc m peratupe 

Fm. 123. 

When a steel of this type is work-hardened and then 
reheated to successively higher temperatures, its hardness 
begins to fall at about 500X., in the same way as the stably 
austenitic steels, and this continues up to about 600°C., but 
on heating to still higher temperatures, it hardens again 
owing to the production of martensite. For example, 
Fig. 128, illustrates the behaviour of steel containing O-IG 
per cent, carbon, 13'7 per cent, chromium and 7*85 per cent, 
nickel ; cylinders of this material w^ere compressed twenty- 
four per cent, of their length and then reheated. The curve 
in the diagram represents the Brinell hardness numbers of 
the several samples plotted against their respective 
reheating temperatures. If this curve be compared with 
curve B in Fig. 85, where the Brinell hardness nupibers ; 
obtained from the same steel after hardening at 850'’/900®C. 
and then tempering are plotted, the striking similarity 
between the two curves will be apparent. 

The expression “ stably austenitic steel ” has been 
used in the preceding pages to denote a steel which remained 
* See ptkg/b SOB, re the machining o! austenitic steels. 
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austenitic after reheating to any temperature, and curve C, 
in Fig, 82, was described as indicating the minimum nickel 
contents necessary to produce such steels. Further investiga- 
tion, however, suggests that this statement is only true of 
steels containing this amount of nickel, if the woni stable be 
used to mean “ persistent ’’ ; it is not correct if the word 
be given its physico-chemical meaning and understood to 
indicate equilibrium conditions. In the latter sense, the 
stable condition of alloys of the 18 : 8 type, for example, at 
temperatures below 400° C., is ferrite ; the austenitic form 
is only mctastable at these temperatures. No amount of 
heating in this temperature range is likely, however, to bring 
about the change from metasta>)le to stable form. The 
persistence of the austenitic form below 400° C. is due to the 
extreme sluggishness of high chromium alloys to undergo 
any structural eliangc except at quiie high tt‘mperatures. 
Once tliese alloys have been made austenitic, by heating to 
1,000° C. or over, they remain so even after the slowest 
possible rate of cooling or after holding for very long periods at 
temperatures of 400° C. or lower. From the jmint of view of 
persistence in structure at any temperature, it may be said 
delinitely that those alloys whose compositions lie above 
curve C, in Fig. 82, are austenitic and, barring the precipita- 
tion of carbide described in tlie preceding pages, they remain 
so after any form of heat treatment. 

If, liowev^cr these alloys are cold- worked, they become 
magnetic to a greater or less extent, indicating that at least a 
partial change from austenite to ferrite has taken place in 
the steel. It may be supposed that the distortion produced 
by cold- work supplies the necessary agitation to the austenitic 
crystal structure to enable it to revert, in part at least, to 
equilibrium conditions. As would be expected, therefore, 
the production of magnetism is especially marked when 
“ borderland ” alloys, sucli as that to which Fig. 123 n*fers, 
arc cold-worked ; these are austenitic only when quenched 
from high temperatures and their stability in this condition 
is easily upset. Magnetic effects are, however, quite evident 
in steels whose nickel content is as high as is indicated by 
eurve C, Fig. 82, but they diminish as the content of this 
metal is raised still higher. 

Definite evidence of the change from austenite to 
ferrite as a result of cold-work on a steel containing about 
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18 per cent, chromium and 8 per cent, nickel, was obtained by 
Dr, Westgren,* who submitted to X-ray examination samples 
of Staybrite steel before and after cold-working. The X-ray 
photograms showed conclusively that the original face- 
centred lattice structure of the 7-iron (austenite) in the soft 
material had been changed in part by cold-working into the 
body-centred lattice characteristic of a-iron. 

A detailed investigation of the effect of cold-work on alloys 
of the 18:8 type was carried out by Bain and Abom,'}’ who 
made use of X-ray and magnetic permeability measurements. 
As a result of extremely severe cold-work at low 
temperatures, it was found possible to produce an alloy of 
this type in which over 90 per cent, of the austenite l^d 
been transformed to ferrite. Such a condition would haVe 
no practical application as the alloys develop cold-work 
cracks long before they reach this stage. Experiments on 
such severely cold-worked samples, before and after re- 
heating to various temperatures, enabled Bain and Aborn 
to show that ferrite was the stable phase below about 400° C., 
and austenite above about 600° C. Between these two 
temperatures, mixtures of ferrite and austenite existed. As a 
result of these and other experiments, Bain and Aborn 
concluded that equilibrium conditions for alloys containing, 
on the one hand, 18 per cent, chromium and variable nickel 
and, on the other hand, 8 per cent, nickel and variable 
chromium, were approximately as indicated in Fig, 124. It 
should be reiterated that the conditions set out in these 
diagrams arc those of theoretical stability ; although they 
may be produced, in part at least, by severe cold-work, they 
do not represent the conditions obtained by any form of 
heat treatment. 

These results and diagrams are exceedingly interesting, 
however, and they have an important bearing on the use of the 
steel at temperatures between 400° C. and 600° C. Reference 
to Fig. 116 shows that cold-w^orked alloys of the 18 : 8 type, 
are not appreciably softened by reheating^^or half-an-hoor?at 
500° C* If the data obtained by Bain and Aborn be correct, 
recrystallisation of the cold-worked ferrite commences at 
about 400° C. ; at about 600° C. it is replaced by austenite. 

* See “ Cliromiuni Nickel Kustloss Steel,” Dr. W. H. Hatfield, ” The 
Uetalluigist ” (Supplement to the ” Engineer ”), October 30th, 1926. 

t hoc, cU, 
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Such changes, however, take place very slowly ; for example, 
in one experiment at 600° C., equilibrium was not obtained 
in less than 250/300 hours. It is to be expeeted that much 
longer periods would be required, e.g., at 500° C., but presum- 
ably a considerable degree of rccrystallisation would 
eventually be produced at this temperature. It is 'difficult 
to conceive how such a recrystallisation could occur without 



part of the hardness induced by cold-work being concurrently 
removed ; it seems likely, therefore, that the prolonged 
heating of these cold-worked alloys at temperatures in the 
range of 400°/500°C., will cause them to soften to some 
extent. Further, it may be presumed from the left hand part 
of Fig. 124, that a distinctly higher nickel content than 
8 per cent, will increase the stability of the austenite during 
cold-working operations. Such alloys undoubtedly work 
harder at a slower rate than those containing 8 per cent, 
nickel or thereabouts. 
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(6) Effects of other Alloys on the ‘^Anka” 

‘‘Staybrite” ‘‘V.2.A.” Steels. 

The austenitic chromium-nickel steels of the “ Anka 
“ Staybrite-V.2.A,’* type withstand the corrosive attack 
of a nvich wider range of chemicals than do the straight 
chromium steels, but they are by no means immune from 
the attack of all chemicals ; hence various efforts have been 
made to extend their usefulness by adding to them other 
metals such as silicon, molybdenum, tungsten, copper, and 
aluminium, most of the complex alloys thus produced being 
the subject of patents. Among the earliest efforts in this 
direction were those of Dr. Strauss, as a result of which, 
Messrs. F. Krupp, A.G., took out patents* in 1922 for tl^e 
addition of copper and molybdenum respectively. In thV, 
former case the composition specified was 18/24 per cent, 
chromium, 7/20 per cent, nickel, 2/6 per cent, copper and 
0*1/0 *4 per cent, carbon, the particular property claimed 
being resistance to ammonium chloride. The addition of 
molybdenum was stated to increase greatly the resistance of 
the steel to the action of sulphurous acid at high pressures and 
temperatures, such as occur in the manufacture of cellulose ; 
the range of composition claimed was 18/80 per cent, 
chromium, 4/20 per cent, nickel, 2/4 per cent, molybdenum 
and 0*1/0 *4 per cent, carbon. These two steels were put on 
the market as “ V.6.A.” and “ V.4.A.” respectively and 
they may obviously be regarded as modifications of “ V.2.A.” 
Somewhat similar steels have been produced by Messrs. 
Brown, Bayley’s Steel Works, Ltd., under the names “ Anka 
II ” or “ BB4K ” and “ Anka III.” 

In the same year, C. M. Johnson took out patents^ in 
the United States of America for chromium-nickel steels to 
which silicon was added. In the earlier patent, the material 
was to contain 10/20 per cent, chromium, 9/25 per cent, 
nickel and 1/10 per cent, silicon. The second patent called 
for a higher percentage of nickel, at least double the chromium 
content, but a similar range of silicon was specified. 
series of alloys, known under the general term Rezistal ” 
have been made by the Crucible Steel Co. of America in 
accordance with these patents. In 1923, Sir R. A. Hadfield 

* GemuA patoits 395,044 luid 399,806 (August 3td, 1922). British patents 
201,914 and 201,915 (July 31st, 1923). 

t U.8. patents 1,420.707 and 1,420,708 (June 27th. 1922). 
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patented an alloy containing 8/25 per cent, chromium, 5/17 
per cent, nickel, 0^4/80 per cent, manganese and 0*7/1 0*0 
per cent, silicon to which 1/10 per cent, tungsten or an 
equivalent amount of molybdenum could be added.* The 
carbon content was to be not more than 1 per cent. » small 
percentages of cobalt, vanadium, titanium or aluminium 
could also be added and great resistance to oxidation at high 
temperatures and to attack by hot vapours and gases was 
claimed, together with strength and toughness at high 
temperatures. 

The following year a further United States patentf was 
granted to P. A. E. Armstrong and R. P. de Vries for an 
alloy containing 0-05/0*5 per cent, carbon, 5/25 per cent, 
chromium, 4/80 per cent, nickel and 1 *5/6*0 per cent, silicon, 
which was described as a tough, stable surface alloy. 

In 1926, a further patent J on the addition of copper was 
obtained by Messrs. Edgar Allen Co. (Sheffield). These 
patentees stated that the copper content should be less than 
2*0 per cent, (which, it may be noted, is the lower limit of the 
Krupp patent) and preferably not more than 1*5 per cent, 
while the selected proportions of chromium, nickel and 
carbon were respectively 7/20 per cent., 4/20 per cent, and 
0*05/0*5 per cent. 

In 1928, N. V. Hybinettc*§ claimed an alloy containing 
15/25 per cent, chromium, 5/10 per cent, nickel, 1/2 per cent, 
carbon and 0 -5/2*0 per cent, aluminium as being particularly 
resistant to heat. 

It is difficult to say to what extent these various alloys 
have actually been used commercially and, so far as the 
author can gather, very little information has been 
published as to the physical properties of some of them. 
Generally speaking, the addition of other metals to a 
chromium-nickel steel, which is very stably austenitic, raises 
its tensile strength and hardness somewhat, though copper 
appears to be an exception in this respect. With regard to 
carbon content, if the modified alloys are intended to be 
rolled or forged into various shapes and then fabricated into 
plant, the amount of this element should be kept low, 

* British patent 232,656 (Deoember 27th, 1923). 
t U,S. patent 1,513,793 (November 4th, 1924). 
i English patent 267,024 (September 28th, 1926). 

§ U.S. patent 1,675.709 (July 3rd, 1928). 
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e.g., about 0 -1 per cent. A greater amount hardens the alloys, 
in some eases very appreciably, and this may be useful if 
strength at high temperatures is a desirable property. The 
results in Table XLIII indicate the type of mechanical 
properties which may be expected from these complex alloys. 

It will be noticed that several of them, even when of low 
carbon content, require reheating to Jiigh temperatures 
before they acquire the characteristic toughness of austenitic 
steels ; some of the higher carbon steels, indeed, do not attain 
this toughness even w^hen quenched from 1,200°C. These 
characteristics seem to be due to the fact that the carbide in 
such steels requires a much higher temperature for its 
complete solution than in the parent chromium-nickel Steels ; 
in most of these complex alloys (even if containing only 
0*1/0 *15 per cent carbon) notable amounts of carbide are 
visible in the structure of samples quenched from 1,000°C. 

Again, the presence of considerable quantities of either 
silicon, molybdenum or tungsten— all of which behave like 
chromium in lessening the range of existence of y-iron (see 
page 68) — frequently causes the resulting alloy to be duplex 
in structure. When quenched from high temperatures such 
alloys consist of mixtures of austenite and ferrite. For 

Table XLIII. 


Mechanical Properties of Complete Austenitic Steels, 


No. 

Carbon | 

('hromium 

O'' 

,0 

Nickel ! 
% i 

Silicon 

% 

Copper 

Molyb- 

denum 

% 

Tungsten 

% 

(1) 

0*10 

17-8 

10-1 

0-36 

2*20 

— 

— 

(2) 

0-20 

17-4 

10-8 

0-49 

2-45 

— 

— 

(3) 

0-15 

15-6 

10-0 

1-43 

— 

1 

— 

(4) 

0-10 

15-4 


3-28 

— 

1 

— 

(5) 

0-11 



1 4-59 

— 

— 

— 

(6) 

0-12 

16-4 

Hi !■ 


1 

— 

1*03 

■ ■ 

0*17 

16-5 

H H 

1 0-40 

— 

— 

200 

■ 1 


16*6 

11*5 

i 0-36 

— 

— 

3*66 

■ 1 

0'22 

16*1 

10*9 

1-95 

— 

— 

3-80 

(10) 

016 

181 

9-3 

, 0-74 

— 

— 

0*74 

(11) 

013 

17*5 

8*6 

0-28 

1 

— 

1*05 

(12) 1 

017 

22'2 

100 

0-44 

— 

— 

■1*83 

(13) 

0-12 

17*2 

10-6 i 

0-70 

— 

2^64 

* — 

(14) 

0*13 

17*2 

101 1 

0-64 

— 

3*42 i 

— 

(15) 

016 

201 

71 

0-45 

, 

4*2 

— 

(10) 

ou 

19*9 

101 

0-51 

r 

41 

— . 

(17) 

0-34 


8-4 

0*62 

— 

3-6 

— 

(18) 

0*37 

12-6 

12*8 

1-86 

— 

— 

2*34 

(19) 

0-45 

12-7 

12-8 

1-76 

— 

— 

2*1 

(20) 


17*7 

9’3 

048 

— 

— 

1*64 

(21) 


18-7 

9-7 

1-21 

— 

— 

3*27 

(22) 


17-7 

7-0 

1*46 

— 

— 

4*23 





Plair XXI 



Fia. 120 Stwl oonUiniiiji carbon. 2()'l^o chromium, 7'1% nickel, 

4*2% molylKlcniira. W.Q. x 2tK) (austenit-o, ferrite and carbide). 

t tiUT im«c IWO.t 
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Table 


No. 


( 1 ) 

( 2 ) 

(3) 

(4 

(5) 

( 8 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 
( 11 ) 
( 12 ) 

(13) 

(14) 


Treaimoitt. 


w.Q. iooo®a 
W.Q. 1100®C. 
W.Q. lOOO^C. 
W.Q. IIOO^C. 
W.Q. 1000°C. 
W.Q. 1100®C. 
W.Q. 1000®C. 
W.Q. noo°a 

W.Q. 10(X)°0. 
W.Q. noo^c. 
W.Q. 1000“c. 
W.Q. 1100“C. 
W.Q. iOOO'^C. 
W.Q. 1100°0. 
W.Q. 1000°c. 
W.Q. HOOT. 
W.Q. IGOO^O. 
W.Q. iwc. 
W.Q. 1000 "0. 
W.Q. 1100®d 
W.Q. lOGO^C. 
W.Q. IIOO^C. 
W.Q. 1000®C. 
W.Q. IIOO^C. 
W.Q. 1000®C, 
W.Q. IIOO^C. 
W.Q. 1000°C. 



W.Q. 

1100°C. 

(15)) 

W.Q. 

lOOO^C, 


W.Q, 

IISO-’C. 

(16) 

W.Q. 

lOOO^C. 


W.Q. 

1150°C. 

(17) 

W.Q. 

1000°C. 


W.Q. 

1150^0. 

(18) 

W.Q. 

1000°C. 

(19) 

A.C. 

800®0. 

(20) 

W.Q, 

lOOO'^C. 


W.Q. 

iioo°a 


W.Q. 

1200''C. 

(21) 

A.C. lOOO^C. 

(?2) 

A.C. 1000°C. 


View 
Point, 
tons per 
sq. inch. 

16*4 
15-4 
33-0 
23*0 
23*2 
210 
32-8 
20*8 
37*2 
31*4 
19*4 
19*5 
25*6 
25*2 
39*2 
25*4 
32*0 
28*4 
16*8 
16*9 
21*7 
18*4 
24*0 
22*4 
24*0 
16*0 
22*0 
19*2 
30*0 
33*5 
36*6 
32*4 
34 0 
30-0 
36*0 
42-0 
31*0 
29*4 
24*0 
29*2 
38*0 


Maximumj Elonga- 
stress, ! tion 
tons per J per pent 
sq. Inch. i on 2 ins. 


34*0 

33*2 

47*2 

45*0 

48*3 

45*4 

57*5 

49G 

r2*2 

09*0 

41*4 

420 

44*4 

420 

48-0 

46*2 

50*0 

49*0 

43*2 

42*9 

48*6 

44*6 

42-4 

40*3 

43*2 

40*8 

48*0 

45*0 

500 

48*1 

47*4 

44*4 

54*6 

53*7 

56*8 

68*0 

51*2 

46*6 

45*6 

60*6 

58*5 


' 67*0 
66*0 
37*0 
49*0 
60*0 
70*0 
47*5 
02*0 
47*0 
61*0 
66*5 
09*5 
48-0 
58*5 
41*0 
560 
50*0 
61*0 
71*0 
73*5 
61 0 
73-0 
58*0 
52*0 
60*8 
74*0 
56*0 
69*5 
33*0 
46*0 
30*0 
51*0 
34*5 
44*5 
390 
27*0 
42*0 
57*0 
66*5 
27*5 
37*5 


llediic- Brinell 
tion ! Hard- 
er Area : uesa 


per cent. ; 

77*1 

77*9 

510 

59*3 

70*7 

76*2 

61*5 

71*7 

63*4 

61*5 

71*7 

70*7 

60*4 

65*8 

52*2 

57*0 

59*3 

64*8 

77*0 

77*9 

69*2 


No. 

131 

126 

196 

179 

207 

170 

223 

196 

228 

228 

149 

149 

170 

156 

217 

187 

217 

196 

163 

149 

179 


laod 

n. ttrt. 

103 
100 
65 
96 

118 

120 

117 
120 

104 
120 
107 

105 

106 
120 

78 

101 

78 

109 

118 
120 


67*8 

156 

120 

62*2 

187 

90 

66*8 

187 

107 

66*8 

179 

101 

73*4 

131 


67*8 

183 

104 

73*6 

159 

109 

45*2 

241 

26 

62*0 

223 

118 

37*8 

228 

21 

67*8 

196 

120 

44*6 

248 

34 

53*4 

228 

52 

53*4 

241 

78 

45*0 

269 

55 

52*0 

217 

63*7 

179 


69*8 

28*9 

62 0 

179 



example, Fig. 125 represents the structure of a steel con- 

molybdenum after quenching from 
1,150 c. ; the two constituents are austenite (light) and 
ferrite. When quenched from 1,000°C., there was rather 
less fernte, but a considerable amount of carbide was also 
present, see Fig. 126. 

When cold-worked, these complex alloys behave, in the 
mam, m a similar manner to the chromium-nickel alloys 
previously described ; they harden rapidly but the actual 
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rate depends on their composition. The results of some 
tests are given in Fig. 127. Obviously for operations in- 
volving extensive cold deformation, one would choose as 
soft an alloy as possible ; for example, a material such as 
that to which curve B relates would be much more amenable 
in this respect than the one whose characteristics are plotted 
in curve E. 



Curv< 

A 

B 

C 

D 

E 


Fig. 127. 

Carbon 

% 

(MO 

0-13 

0-16 

0*29 

0*39 


Chromium 

17*8 

17-2 

20«1 

17-7 

190 


nxieniiig tests on 

complex austenitic alloys. 

Molyb- 

Nickel 

(Jopper donum 

Tunf^ten Treatment 

7o 

% 

’ % 

0 / 

/o 

10-1 

2-2 


W.Q. 1,000° C. 

10*1 

— 

3*42 

W.Q. 1,100° C. 

7-1 

— 

4-2 

W.Q. 1,150° C. 

9«7 

— 

— 

1-04 W.Q. 1,000° C. 

70 

— 

3-65 

W.Q. 1,100° C. 


Complex alloys similar to those described in Table XLIII 
behave in much the same manner, on reheating, as do the 
simpler chromium-nickel alloys. If previously work- 
hardened, they are fully softened by reheating in the range 
1, 00071 , 200 ®C. ; and in cases where the alloy contains 
molybdenum, silicon or tungsten and the carbon content 
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is much above O*! per cent, the required temperature will 
be nearer 1.200“C than l.OOO^C. Thus Messrs. F. Krupp 
recommend 1,200°C. for softening their “V.4.A.” brand 
and Fig. 128 shows the Brinell results obtained on re-heating 
a rolled bar of a tungsten bearing steel ;• the latter steel 
still contained some free carbide after quenching from i,200”C. 



Fiq. 128. BeUtion between reheating temperature and hardness of 
rolled bar. 

Carbon Silicon Chromium Nickel Tungsten 

0-45% l-760/o 12*67% 12*81% 2*1% 

At lower temperatures, in the range 500°/900®C., or 
thereabouts, precipitation of carbide takes place in a similar 
manner to the simpler chromium-nickel austenitic steels. 
It is probable that the rate of precipitation is appreci- 
ably affected by the added alloy ; some of the complex 
aUoys are undoubtedly more stable, structurally, than the 
“ Anka-Staybrite-V.2.A.” type of alloy, at these low tempera- 
tures, but it is doubtful whether any of the steels are entirely 
free from this very troublesome defect. 

(7) Chbomium-Nickel Steels with a High Chromium 
OR Nickel Content. 

From a commercial point of view, the “ Anka-Staybrite- 
V.2.A.” type of steel is undoubtedly the most importent of 
the austenitic chromium-nickel rustless steels, especially if 
importance be measured in terms of tonnage produced ; 

* See ValTe Steele.*’ F. B. Hensbaw. Maroh, 1927. 
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but there are more highly alloyed types, which have a limited 
application for special purposes. 

The range of composition specified in the earlier Krupp 
patents extends to 40 per cent, chromium and 20 per cent, 
nickel ^nd although the author is not aware of the com- 
mercial use of alloys with so high a chromium content as 
40 per cent., the “ N.C.T.8.” alloy made by the Essen firm 
contains about 25 per cent, chromium and^O per cent, nickel. 
This alloy has been developed for its heat resisting properties, 
for which purpose its use was patented in 1926 in Germany 
and 1927 in this country.* The range of composition specified 
in the patent is 15/25 per cent, chromium and a like amount 
of nickel but an equally important feature appears to be iri 
regard to carbon, the content of which is limited to less than 
0-2 per cent. Special emphasis is laid on this in the patent, 
a higher carbon content being alleged to reduce considerably 
resistance to oxidation. Thus it is stated : “ An alloy with 
15 per cent, chromium and 25 per cent, nickel resists oxidation 
up to 1,150°C. when containing 0*45 per cent, carbon and up 
to 1,800°C. when containing under other equal conditions, 
0‘1 per cent, carbon.” 

The properties of alloys containing more than about 
25 per cent, chromium possess several interesting features. 
If reference be made to Fig. 82, it will be noted that the 
amount of nickel required to produce an austenitic steel falls 
as the chromium content rises up to about 20 per cent. In 
the light of what has been said as to the influence of chromium 
on the gamma range of iron and the structure of high chromium 
irons, it is obvious that this substitution of nickel by chromium 
cannot continue indefinitely, particularly if the carbon content 
be reduced to a low value. On the contrary, as the presence 
of more than about 15 per cent, chromium eliminates the 
gamma range from pure iron, it would be expected that more 
nickel rather than less would be required to produce a stably 
austenitic condition in low carbon alloys containing con- 
siderably more than this amount of chromium. This is 
actually found to be the case. According to E. C. BaiiC 
and W. E. Griffiths,f the stably austenitic condition 
is only found in low carbon alloys containing more 

♦ British jmtent 276,317 (July 25th, 1927). 

t ** An Introduction to the Iron-Ohromium-Nickel AUovb.*' Trans, Amer, 
Insl. Min, At Met, Sng,, 1927, Vol. 75, p. 160. 
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nickel than is indicated line ABC in Fig. 129. It will 

be observed that the requisite content of this metal falls to 
a minimum at about 20 per cent, chromium and rises sharply 
when the amount of the latter metal exceeds 25 per cent. 
As noted earlier, Bain and Griffiths place the minimum nickel 
content for steels containing up to 20 per cent, chromium 
at a distinctly higher figure than Strauss and Maurer, see 
Fig, 82 (page 144). The difference is due in some degree to 
carbon content, the steels used by Bain and Griffiths con- 
taining leSs than those of Strauss and Maurer (and, as has 
been shown earlier, the presence of carbon increases the 
austenitic range in high chromium steels), but probably in 
much greater measure to differences in treatment. Eig. 129 
(and curve C in Fig. 82) is founded on the results obtained 
by the examination of samples which had been drastically 
annealed. The results obtained by Strauss and Maurer 
on the other hand, relate to samples which, while not necess- 
arily quenched in water from high temperatures, had been 
cooled at a relatively rapid rate compared to the exceed- 
ingly slow annealing used by Bain and Griffiths. 



Fig. 129. Constitution of iron-ohromlum-nickel alloys (feain and 
Griffitlis). 

The cross hatched area in Fig. 129 indicates the approxi- 
mate range of composition in which Bain and Griffiths found 
the “ brittle constituent ” (see page 80) to be produced to 
a greater or less extent on drastic annealing. Such alloys 
would obviously be unsuitable to use, for example, for heat 
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resisting purposes involving prolonged exposure to the range 
of temperature which gives rise to this peculiar brittle form 
of the material. The use of alloys containing so large an 
amount of chromium is still in the experimental stage and 
it woul<} appear that a better understanding of their properties 
and peculiarities is desirable before their commercial use 
can be recommended. 

Material with a still higher nickel, h\ft lower chromium, 
content was patented by the Socidte Anonyme de Commentry, 
Fourchambault et Decaseville and is produced by this firm 
under the name “ A.T.V,” There are a number of patents 
but they may be divided into three groups : — 

(1) Nos. 140,507 (Dec. 17, 1918) and 159,492 (Nov. 11,: 
1920) ; alloys containing 0-2/1 -0 per cent, carbon, 10/15\ 
per cent, chromium, 20/25 per cent, nickel and 1/5 per 
cent, manganese, to which may be added 0 -2/1*0 per 
cent, vanadium, 0-1/0-5 per cent, titanium, 0-5/5-0 per 
cent, tungsten, 0 -2/3-0 per cent, molybdenum and up 
to 10 per cent, cobalt. Resistance to shock or high 
pressure and to the action of strong acids, organic acids 
and alkalies is claimed. 

(2) Nos. 140,509 pec. 17, 1918) and 159,858 (Nov. 5, 
1920); alloys containing 0-3/1 -0 per cent, carbon, 8/15 
per cent, chromium, 25/40 per cent, nickel and 1/5 per 
cent, manganese, to which may be added tungsten or 
molybdenum to the extent of 0 -2/5*0 per cent. This 
alloy is claimed to be resistant to superheated vapours 
and to hot and moist gases, to have good wearing 
qualities and a co-efficient of expansion which may 
be varied between 0-000008 and 0-00017 per degree 
centigrade. 

(3) Nos. 110,508 (Dec. 17, 1918) and 159,857 (Nov. 5, 
1920) ; alloys containing 0 -3/1-0 per cent, carbon, 8/25 
per cent, chromium, 50/80 per cent, nickel, 1/5 per cent, 
manganese and 0 -5/8-0 per cent, tungsten ; the latter 
metal may be wholly or partially replaced by 0 -2/5-0 
per cent, molybdenum, and titanium, vanadium or^ 
cobalt may be added in the proportions of 0-1/0 -2 per 
cent., 0 -2/1-0 per cent, and up to 10 per cent, respectively* 
This alloy is stated to possess high mechanical strength 
at high temperatures and to be resistant to the action 
of chemicals. 
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III the above list, the numbers and dates of the British 
patents are given, but patents were also taken out in other 
countries. It may be mentioned that the British rights for 
these patents are held by Messrs. Hadfields, Ltd. The range 
of composition specified is very wide and it is very p^bable 
that a number of types of alloys are made by the French firm 
and their British confr^jres. Some samples which came 
under the author’s 'notice, had the following compositions : — 


Carbon 

% 

SlUpon 

% 

Manganese 

o/ 

/o 

Chromium 

% 

Nickel 

% 

Tun^ten 

0-41 

019 

0*75 

111 

88*4 

nil 

0-44 

018 

1*56 

18*5 

27-9 

8*7 

0*46 

1*20 

1*09 

14*0 

26-5 

8*6 

0*42 

1*50 

1*21 

14*8 

27*9 

3*5 

0-29 

1*41 

0*98 

13 1 

26*4 

2*2 

045 

1*49 

0*90 

18*6 

25*9 

8*0 

0-43 

0*25 

— 

10*4 

86*3 

nil 


The patents obtained by C. M. Johnson, which were 
referred to on page 27 also include steels which come in the 
high nickel category. These patents arc owned by the 
Crucible Steel Company of America and several varieties of 
steels, collectively termed “ Rezistal,” are made by this 
firm. Two of these types of steels have approximately the 
following analyses : — 


Mark. 

Carbon 

Silicon 

Chromium 

Nickel 


% 

! % 

% 

% 

No. 4 ... 

0*2 max. 

2-5/30 

16/18 

24/26 

No. 7 ... 

0*25 max. 

1-5/20 

24/26 

20/22 


Silicon, it will be noted, is an essential constituent. 

Since 1922, the date of the Johnson patents, a number 
of patents have been obtained in different countries by 
various firms. The brief account given in Table XLIV is 
not claimed to be complete but it indicates the trend of 
modern developments and the extreme complexity of the 
patent situation ; the most remarkable thing from a layman’s 
point of view is the way in which the various patents appear 
► to overlap and even to duplicate each other. 
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Table XLIV. 

Patents relating to high nickel alloys. 
{1923 and onwards). 


Patent. 

Date. 

Particulars. 

E.P. 

220,710 

5/7/23 

H, Etchells, A. f^opplewell and L. 
Cameron & Son, Ltd. 

Alloy containing 5/30 per cent, 
chromium, 26/50 per cent, nickel, 25/69 
per cent, iron and not more than 0*25 
per cent, carbon. Nickel replaceable 
wholly or in part by cobalt. Nc|>t 
corroded by acids, alkalies or salts and 
suitable for decorative articles, table- 
ware, cooking utensils and parts ex- 
posed to sea water. 

U.S.P. 

1,406,505 

8/6/24 

H. F. Whittaker and T. Baker. 

Iron or steel alloyed with about 40 per 
cent, nickel and up to 10 per cent, 
chromium has co-efficient of expansion 
equal to that of resistant glass and 
enamel and is suitable for the manu- 
facture of glass — or enamel — lined metal 
vessels. 

E.P. 

221,511 

5/9/24 

Poldihutte. 

Stainless steel alloy particularly resist- 
ant to hydrochloric or sulphuric acids 
contains 9/27 per cent, chromium, 
20/25 per cent, nickel, not more than 
0*85 per cent, carbon and not more than 
0*5 per cent, each silicon and manganese. 

E P 
286»9dl 

117125 

N. V. Hybinctte. 

Alloys particularly resistant to the 
action of alkalies contain 28/40 per cent, 
chromium, 18/40 per cent, nickel ; may 
also contain up to 10 per cent, cobalt or 
2 per cent, copper. -Preferred composi- 
tion contains 80 per cent, chromium, 
20 or 85 per cent, nickel, 1*5 per cent, 
carbon, 1*0 per cent, silicon and 0-5 i)er 
cent, each aluminium and manganese. 
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Table XLIV — Continued, 


Ffttent. 


PartJcnIani. 

U.S.P, 

1,568,578 

1/12/25 

N. V. Hybinctte. 

Heat resisting alloys cotitain 10/20 per 
cent, chromium, 80/40 per cent, nickel, 
0*4/1 *5 i)er cent, carbon, and Jess than 
1*0 per cent, silicon. 

E.P. 

286,867 

.8/12/20 

I 

H(‘meus Vaeuumschmelze, A.G. 

Alloys for turbine blades and machine 
parts exposed to similar conditions 
contain 10/40 per cent, chromium, 40/85 
jier cent, nickel, 1/40 per cent, iron and 
practically no carbon. 0/16 per cent, 
tungsten, 0/12 per cent, molybdenum, 
0/6 per cent, aluminium and 2/20 per 
cent, cobalt may be present. 

U.S.P. 

1,617,334 

15/2/27 

('. M. .Johnson. 

A steel containing 25/80 per cent, 
chromium, 20/30 j>er cent, nickel and 
1/3*5 per cent, silicon. 

E.P. 

270,249 

26/2/27 

j (’ammelJ Laird & Co., Ltd. 

I Alloys possessing strength and resistance 

1 to scaling at high temperatures and not 
! liable to crack or warp on cooling, 
contain 16/22 per cent, chromium, 
26/80 per cent, nickel, 0*85/0'55 per 
cent, carbon and 0*8/0 *5 per cent, each 
silicon and manganese. They are suitable 
for case hardening retorts, annealing 
boxes, furnace grates and fire bars. 


Tlie third group of the “ A.T.V.” patents really passes 
into the range of the “ niciiromcs,” that group of heat 
resisting alloys which have come so widely into use largely as 
a result of the rapid development of electrical resistance 
methods of heating, and which generahy contain 50/80 per 
cent, nickel, 10/80 per cent, chromium and up to about 25 per 
cent, iron, with smaller amounts of carbon, silicon and 
manganese. The general relationship between these alloys 
and the “ stainless steels ” discussed up to now is indicated 
broadly on the ternary iron*nickel-chromium diagram re- 
produced in Fig. 180. The shaded part near the iron comer 
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of the diagram includes the ranges of composition covered 
by the Krupp “ A.T.V.” (groups 1 and 2 only), Johnson and 
Cameron patents. The dotted curve indicates the area* 


N. 



Fio. 130. Ranges of composition of corrosion resisting alloys. 


in which most of the commercial alloys of the “ nichrome 
type fall, while the area ABODE covers the range of composi- 
tion of practically carbonless alloys claimed by Heraeus 
Vacuumschmelze A,G. for use as turbine blading or as 
machine parts exposed to similar conditions.f Broadly 
speaking, it may be said that all' alloys containing between 
8 or 10 per cent, and 40 per cent, chromium, and the 
remainder iron and nickel in any proportions, are the subjects 
of patents as material resistant to corrosion in some form or 
another. 

Chromium-nickel steels containing 20 per cent, nickel 
or more are relatively expensive ; also, unless their carbon 
content is very low, they are difficult to forge or roll or 

• See ** Heat and Acid Re 3 isting Alloys (Ni-Or-Fe)/’ J. F. Kayser. Traw, 
Faradaif <Sfoc., Vol XIX. 1B4. 

t Brittsh patent 286,367 (Iteoember 3id. 1926) ; see Table XLIV. 
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otherwise hot work owing to the fact that they retain at 
high temperatures a greater proportion of their strength than 



PER CENT COMPRESSION 


Fio. 131. Work hardoning tests : kigh niokel alloys. 

Carve Carbon Silicon Chromium Nickel Tungstou 

% % % % 

A 0-12 0'30 18*0 8-2 

B 0‘09 0-17 16-0 1O‘0 

C 0-29 2-68 17*1 26- 3 

D 0*13 2*65 17*1 25*4 

E 0*16 0*23 11*7 23*9 

P 0*33 0*33 11*6 36-5 3*5 

G 0*32 0*46 11*4 35*3 

do the less alloyed steels. This]latter property is, of course, of 
► very considerable value for certain engineering purposes, but 


p 
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it increases the cost of working the alloys and also limits the 
forms, apart from castings, in which they may be produced 
commercially to those of simple section, such as round or 
rectangular bars. The hot rolling of special sections, for 
example, those for turbine blading, is attended with great 
dilficulty so that several of the alloys may only be produced 
commercially in such special sections by machining from 
round or rectangular bars, a very expeifsive and wasteful 
method. Similarly, the production of weldless tube is not 
yet possible with many of them. It is likely, therefore, that 
these rich alloys will only be used commercially where the less 
alloyed and cheaper steels definitely fail to give satisfactory 
service. 

Table XLV gives data regarding the mechanical 
properties of some of these materials containing high nickel 
or chromium or both. Fig. 131 shows that when cold- 
worked, the high nickel alloys harden at a rather slower rate 
than the ordinary “ Anka-Staybrite-V.2.A.” type of alloy. 
The ease of cold-working, however, depends on the initial 
hardness and this may be considerably higher than in the 
steels of lower nickel content. 


Table XLV. 


Mechanical Properties of Alloys with High Nickel 
or Chromium Content. 


No. 

Carbon 

% 

Silicon 

% 

Chromium 

% 

Mckol 

% 

Tunssaten 

% 

(i) 

0-16 

0-23 

11*7 

23*9 

nil 

(2) 

0*13 

0*44 

11*5 

36*4 


(3) 

0*32 

0-46 

11*4 

35*3 


(4) 

014 

0-30 

11*8 

36*6 

3*40 

(6) 

0-33 

0-33 

11*6 

36*5 

3*60 

(8) 

0-36 

1*36 

10*9 

36-2 

nil 

(7) 

0*44 

0*93 

16*0 

31*9 

3*59 

(8) 

0-46 

1-20 

14*0 

26*6 

(») 

0-13 

2‘65 

17*1 

25*4 

nil 

(10) 

0*29 1 

2-68 

17*1 ! 

26*3 1 


(11) 

013 

2-68 

17*0 

26*2 

3*30 

(12) 

0-32 

2-76 

17*0 

26*1 

3-60 

(13) 

033 

1-22 

16*9 

24*3 

nil 

(14) 

010 

0-91 

26*1 

20*9 


(16) 

019 

0-80 

20*3 

19*3 


(16) 

0*29 

1-81 

14*0 

24*8 

2*86 

(17) 

0*52 

1-41 

23*9 

22-3 

3*13 
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Table XLV — Cordinued. 


No. 

Treatment. 

Yield 
Point, 
ions per 
sd. inch. 

Maxi* 
mum 
Stress, 
tons per 
sq. Inch. 

Elonga- 

tion 

per cent, 
on 6 ins. 

Beduo- 
tlon 
of Area 
percent. 

BrlneU 

Hard- 

ness 

No. 

leod 
Impact, 
ft. iba. 

• 

(1) 

W.Q. 1000*0. 

18-2 

39*8 

46*0 

65*8 

166 

102 116 107 

(2) 


16*4 

36*6 

44*0 

66-8 

149 

116 116 lU 


W.Q. 1160*0. ... 

10*4 

35*5 

50*0 

71*7 

151 

109 109 110 

(3) 

W.Q. 1000*0. ... 

18*0 

39*6 

38*0 

68*2 

166 

84 

86 

80 


W.Q. 1160*0. ... 

18*0 

40*4 

40*0 

69*3 

163 

87 

95 

96 

(4) 

W.Q. 1000*0. ... 

22*0 

44*6 

31*0 

67*0 

183 

93 116 

95 


W.Q. 1160*0. ... 

18*6 

40*9 

44*0 

66*8 

166 

no 

120 

120 

(6) 

W.Q. 1000*0. ... 

26*0 

46*1 

27*6 

44*6 

187 

66 

65 

65 


W.Q. 1160*0. ... 

18*9 

44*4 

33*0 

64*3 

179 

72 

70 

78 

(6) 

BoUod 

24*0 

46*0 

31*0 

61*0 

— 


— 


( 7 ) 

Rolled 

36*0 

47*6 

26*0 

39*2 

207 

17 

26 

25 


W.Q. 1000*0. ... 

24*0 

46*6 

32*6 

44*6 

187 

29 

29 

27 

(8) 

Rolled 

1 

-- 

46*9 

34*5 

42*6 

— 


— 


(8) 

W.Q. 1000*0. ... 

20*4 

43*7 

41*6 

69*2 

170 

98 

88 

90 

1 

W.Q. 1160*0. ... 

17*2 

38*4 

62*0 

74*4 

160 

120 

120 

117 

(10) 

W.Q. 1000*0. ... 

24*0 

46*8 

36*0 

62*2 

196 

63 

61 

50 


W.Q. 1160*0. ... 

20*0 

44*6 

46*0 

61*6 

196 

97 

95 

99 

(11) 

W.Q. 1000*0. ... 

34*8 

47*6 

i 36*0 

54*6 

207 

67 

72 

70 


W.Q. 1160*0. ... 

27*2 

44*0 

53*0 

68*8 

179 

120 

108 

112 

(12) 

W.Q. 1000*0. ... 

37*9 

49*6 

27*0 

40*5 

217 

30 

26 

60 


W.Q. 1160*0. ... 

32*9 

47*6 

35*0 

62*2 

207 

47 

49 

53 

(13) 

W.Q. 1000*0. ... 


47*8 

28*6 

44*6 

217 

42 

60 

42 

(14) 

W.Q. 1000*0. ... 

1 29*0 

43*0 

38*0 

62*2 

166 

99 

106 109 


W.Q. 1100*0. ... 

j 21*1 

39*2 

50*0 

67*8 

166 

120 

120 

120 

(16) 

A.O. 1060*0. ... 

33*2 

49*0 

36*0 

49*0 

— 


— 


(16) 

A.O. 1060*0. ... 

24*2 

47*7 

36-6 

60*0 

— 


— 


(17) 

A.O. 1060*0. ... 

33*8 

63*2 

26*0 

31*0 

1 

— 


— 



(B) Chromium-Silicon Steels. 

In almost every way, the effect of silicon on the structure 
and properties of chromium steels is the reverse of that of 
nickel. Silicon raises considerably the temperature of the 
carbon change point and reduces the air hardening capacity 
of the steel to which it is added. Like chromium, silicon 
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also raises the temperature of the A.3 point and lowers that 
of A.4 so that eventually 7-iron ceases to exist in iron-silicon 
alloys when sufficient of this element is added. Indeed, its 
effect in this respect is considerably greater than that of 
chromium, for while gamma iron is produced in carbonless 
iron-chromium alloys until the chromium content reaches 
about 18 per cent., the corresponding limit for iron-silicon 
alloys is about 2*2 per cent. With these characteristics in 
mind, one would not expect silicon to have the range of 
usefulness, in connection with high chromium steels, that 
is possessed by nickel. The addition of silicon is not likely 
to lead to the production of austenitic steels ; on the contrary^ 
one would expect it to accentuate the effects, observed 



Fig. 132. Effect of about 1 per cent, silicon on the hardening of stainless 

iron. 


Curve 

Carbon 

Silicon 

Chromium 

Nickel 


% 

% 

% 

% 

A 

0-12 

0-89 

11-6 

0-42 

B 

0*10 

1-0 

15-4 

0-54 

C 

0-09 

0-23 

12-3 

0-23 

D 

0-10 

0-36 

15-5 

0-39 


irons contaimng more than about 15 per cent, chromium, 
which distinguish such irons from those with less than this 
amount, and also to cause these effects to be developed at 
lower chromium contents. This is actually the case, the 
effect of silicon on the properties of stainless irons containing 
up to about 16 per cent, chromium being very marked. 
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Fio. StainleHs irtni contairnn^ 12‘\, t-hroniiuin uiu 

1*0(P,\ Hilicon, aft^^r oil qiioiichin^ from J,100 (’. x 100 
Note pivsent*»‘ of large amount of free ferrite 
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For example, the addition of about one per cent, silicon 
affects the hardening of irons '^eontaining 11-5 and 15*4 per 
cent, chromium, respectively^ as is indicated in Fig. 182. These 
curves represent the Brinell hardness numbers of small 
samples which were water quenched from the temperatures 
indicated ; curves A and B refer to material containing 
about one per cent, silicon, C and D represent values similarly 
obtained from ir6ns containing only a small amount of 
silicon but otherwise similar in analysis to A and B. The 
hardening of the lower chromium iron is much reduced by the 
silicon and this is accompanied by the presence, in the 
microstructure, of considerable amounts of ferrite ; thus, 
Fig. 188 reproduces the structure of an iron similar in analysis 
to A after quenching from 1,100®C. and one may note the 
large amount of ferrite visible. For comparison, a low 
silicon iron of the same chromium content consists entirely 
of martensite when quenched from any temperature between 
950° and 1,150°C. The presence of rather less than one per 
cent, silicon has, in fact, produced a material similar, as 
regards hardening capacity, to a low silicon iron containing 
two or three per cent, more chromium. Similarly, the iron 
containing 15*4 per cent, chromium and 1*1 per cent, silicon 
behaves, when quenched, in a manner very much like that 
of the stainless iron containing 17*2 per cent, chromium and 
figured in curve E, Fig. 34. 

Fig. 184 shows the effect of 3 -0/3 *5 per cent, silicon on 
the hardening of low carbon material of different chromium 
contents, and again comparable results are given from 
material low in silicon but otherwise similar in analysis. The 
influence of chromium content is also evident here for whereas 
the Ac.l change occurs at 950°C. or thereabouts in the high 
silicon material with 8-7 per cent, chromium, a temperature 
of 1,050°C. is required for liardening when the chromium is 
raised to 14 *9 per cent. In the latter case also, the maximum 
hardness attained is only 277 in spite of the rather higher 
carbon content of the material. 

Fig. 135 refers to steels containing about 0*5 per cent, 
carbon ; the higher silicon sample hardens well but it requires 
a considerably higher temperature than the other to produce 
th^ same hardening effect and also the same solution and 
diffusion of the carbide, an important matter from the point of 
view of resistance to corrosion. A study of Figs. 182 to 185 
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indicates that the effect of silicon on the temperature of the 
Ac.l change varies to some extent with the chromium content 
and probably with that of carbon as well. In the case of 
material containing 12/14 per cent, chromium, however, the 



ITia. 134. Effect of 3-0/3*5 per cent, silicon on the hardening of stainless 
steels. 


Curve 

Oarljon 

Silicon 

Chromium 

INickel 


% 

% 

% 

% 

A 

0-16 

3*6 

8-7 

0*47 

B 

0-18 

0*16 

8-8 

0-92 

0 

0-22 

3-3 

14-9 

0-64 

D 

0-29 

0-04 

14*2 

0-2 


temperature is raised 45/50°C. by each per cent, silicon, up 
to 4 or 5 per cent. 

The effect of silicon, apart from that of raising the 
hardening temperature, is noticeable in two directions on the 
mechanical properties of high chromium steels. In the first 
place the silicon retards the tempering of the steel so that, 
when hardened and then tempered at 700®C. or thereabouts, 
the silicon steel i^ rather harder than a similar steel low in 
silicon ; secondly, under similar conditions of hardening and 
tempering, silicon is very liable to reduce the toughness of the 
material, often to a considerable extent. These effects are 
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well illustrated by the following series of results obtained at 
the Research Department, Woolwich Arsenal.* 



Fia. 135. Effoct of silicon on tho hardening of stainless steels containing 
0-6/0*55 per cent, carbon. 


Curve 

A 

B 


Carbon 

% 

0-55 

0-61 


Silicon 


o/ 

/o 


1*89 

0-54 


Chromium 

% 


U'4 

14-4 


In this investigation, two grades of steels were used, 
with low carbon and high carbon respectively, and having 
the analyses given below : — 


Mark. 

Carbon 

Silicon 

Ohromtam 

A. 

015 

Oil 

18-5 

B. ! 

017 

1-35 

13*9 

C. 

031 

0-81 

14*2 

D. 

035 i 

1 1-43 

14-7 


* Metallurgical Bata on Stainless Steels."* H; H. Abeam. Chem* 4) Met. 
Xng., Vol. XXX, p. 430 (1924). 
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Two series of tests were obtained. In the first series 
the bars were oil hardened at 950"C. and subsequently 
tempered at various temperatures. As, however, the high 
silicon steels were not effectively hardened from 950 C., a 
further series of test bars were oil hardened from 1,000'^C. 
and then tempered at the same series of tempering tempera- 
tures as before. 

The results obtained from these two 'series of tests are 
given in Tables XLVI and XLVII. 


Table XLVI. 

Influence of Silicon on the Mechanical Properties of 
Stainless Steel 

Series I. Oil Hardened, 950® C. 


steel 

Carbon. 

% 

Silicon. 

% 

Tempering 

Tempera- 

ture 

Yield 
l*oint, 
tons per 
sq. Inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent 
on 2 ina. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hard- 

ness 

Number. 

Isod 

Impact, 
tt lbs. 

A. 

015 

Oil 

600“ C. 

50-5 

59-8 

21 

08 

285 

27 

29 

26 




650“ C. 

89*5 

49-4 

24 

06 

283 

87 

88 

41 




700“ C. 

82-4 

43-6 

28 

69 

206 

1109 108 109 

B. 

017 

185 

600“ C. 

80'2 

46-2 

27 

62 

229 

9 

10 

8 




650“ C. 

800 

44*5 

27 

64 

222 

14 

18 

18 




700“ C. 

27-5 

42-2 

82 

67 

210 

15 

14 

14 

C. 

O'Bl 

0-81 

600“ C. 

540 

65-4 

18 

55 

805 

81 

88 

24 




650“ C, 

430 

55*6 

28 

60 

262 

89 

85 

37 




700“ C. 

850 

48-7 

28 

67 

228 

64 

68 

68 

D. 

0'85 

1-48 

600“ C. 

49-0 

62-7 

19 

54 

296 

18 

18 

14 




650“ C. 

44-5 

58-8 

22 

55 

274 

16 

18 

16 




700“ C. 

88-5 

58-7 

27 

59 

249 

24 

28 

28 


The first series of tests shows very clearly the embrittling 
effect of the silicon but does not show the hardening effect 
so well because the high silicon steels (especially that con- 
taining the lower carbon) were not fully hardened. Series JI, 
however, shows the hardening effect very well. 

Values for Young’s Modulus of Elasticity were also 
obtained from these four steels and they indicate that silicon 
has no noticeable effect on the elasticity of the steel. The 
mean values for each steel after hardening and tempering 
we given in Table XLVHL 
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Tabu&XLVII. 

Influence of SUicon on the Mechanical Properties of 
Stainless Steel. 

Semes II. Oil Habdeneo, 1,000® C. • 


Steel 

Carbon, 

% 

Silicon. 

% 

• Tempering 
Temperature. 

Yield 
Point, 
tons per 
8(2. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga* 1 
tion 

per cent 
on 2 ins. 

Reduo- 

tion 

Of Area 
l^r cent 

BrtneU 

Hard> 

ness 

Ifumber, 

A. 

0 15 

Oil 

600° C. 

470 

570 

22 

68 

817 




650° C. 

400 

500 

25 

65 

280 




700° C. 

82-5 

48*8 

29 

67 

244 

B. 

017 

1*85 

600° C. 

44-5 

57*6 

22 

57 

276 




650° C. 

89*5 

58*6 

24 

60 

259 




700° C. 

85-5 

49-8 

27 1 

61 

288 

C. 

0-81 

0*81 

600° C. 

54*0 : 

67*7 

19 

50 

817 




650° C. 

450 

59*4 

28 

56 

280 




700° C. 

870 

52-2 

26 

62 

244 

D. 

0-85 

1-43 

600° C. 

550 1 

69*7 1 

19 

50 

826 




650° C. 

500 

65*1 

21 

58 

801 




700° C. 

42-5 

58*2 

24 

57 

270 


TABI.E XLVIII. 

Effect of Silicon on the Modulus of Elasticity of 
Stainless Steel. 


steel. 

Carbon. 

% 

SiUcon. 

% 

Chrom- 

ium. 

% 

1 

Sebies I. 

Series II. 

O.H. 950^ C. and 

1 tempered. 

Lbs. per sq. Inch. 

O.H. 1,000* 0. and 
tempered. 

Lbs. per sq. inch. 

A. 

015 

01] 

18*5 

81-6 X 10® 

80-9 X 10® 

B. 

0*17 

1-85 

13*9 

29-5 X 10® 

29-6 X 10® 

C. 

0*81 

081 

14*2 

82-2 X 10® 

82 0 X 10® 

D. 

0*85 

1-48 

14-7 

82-4 X 10® 

81-6 X 10® 


Generally speaking, the presence of any considerable 
amount of silioon in hardenable stainless steel, containing 
12 per cent, chromium is uncommon. It raises considerably 
the temperature necessary for hardening and in no way does 
it improve Hie hardening capacity of the steel, ratha the 
revise; hence its pr^fenee is obviously imdesirable in 
material where Hie ability to harden, and that wiHiout the 
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necessity of quenching from undtdy high temperatures, are 
properties of first rate importance. It is more frequently 
found in stainless irons in quantities up to about one per cent., 
or rather more, and is there either as an intentional compon^t 
or inadvertently as a result of steel making conditions 
involving the use of ferrosilicon as a reducing agent. The 
mechanical properties of a 12 per cent, chromium stainless 
iron, containing approximately one pet cent, silicon, are 
set out in Table XLIX. The fully tempered material is 
tough, but the hardened forms possess appreciably lower 
impact values than the irons low in silicon and listed in 
Tables I to III, pages 101 to 104. 


Table XLIX. 

Mechanical Vrapcrtics of Stainless Iron containing 1 per cent, 

Silicon. 

m (Bars treated : IJ" diameter.) 


Carbon 

Silicon 

1 Mansanese 

Chromium 

Nickel 

% 

% 

% 

% 

% 

012 

1*08 

0-20 

121 

0-35 


Treatment. 

Yield 
Point, 
tons per 
8<i. Inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 
tion 1 
per cent, l 
on 2 ins. 

Beduo- 
tion 
of Area 
per cent. 

BrlneU 

Hardness 

Number. 

Izod 
Impact, 
ft. lbs. 

Hard’d 

Temp’d 

A.H. aso'c. 

380 

50*6 

20-0 

41-9 

196 


5 5 5 

„ 1000°C. 

36-4 

55-2 

190 1 

86-4 

228 


5 4 4 

O.H. 950“C. 

56-8 

71-6 

12-5 

26-1 

286 


14 11 12 

W.Q. 500°C. 

59-6 

74*8 

20-5 

48-5 

802 

802 

2 2 2 

„ W.Q. 600°C. 

36-4 

48-8 

25-5’ 

59-8 

286 

217 

41 88 44 

„ W.Q. 700°C. 

81 0 

42-8 

30-5 

60-4 

302 

196 

74 60 59 

„ W.Q. SOO^C. 

27-8 ! 

1 

1 

40-6 

32-0 

58-0 

295 

179 

78 85 89 


Tlxe effect of about one per cent- silicon on the toughness 
of fully tempered irons of about this chromium content 
appears to vary in a manner not predictable from composition. 
Some casts of this material give good impact values ; otiiers 
of similar analysis give low values. The cause of the varia- 
tion is obscure as the steels may be made imder apparently > 
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identical conditions. Thus the following tests were obtained 
from a series of casts made during the course of one 
week in a 7-ton electric furnace. The bars tested were one 
inch in diameter, and were hardened in oil from 9B0^/97S^C. 
and subsequently tempered at 700®C. ^ 


Cast. 

! Carbon 

% 

Silicon 

% 

Chro- 

mium 

% 

Yield 

1 Point, 
tons i)er 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 ins. 

Beduo- 
tion 
of Area 
percent. 

laod 

Impact, 
ft Mbs. 

R1005 

0-n 

0-89 

12-5 i 

30*4 

44*0 


52*2 

77 

67 

67 

R1008 

0 09 

0-77 

120 

35*2 

42*6 


67-8 

104 105 102 

RIOIO 

0*09 

1*06 : 

12*4 

30*0 

40*0 

800 

59-8 

78 

97 

77 

R1012 

012 

1-08 

12-1 

31*0 

42*8 

80*5 

60-4 

74 

69 

59 

R1014 

014 

1-08 

12-2 

30*0 

43-6 

33*0 

64-8 i 

28 

25 

27 


The first four casts were relatively tough, although 
their actual toughness values varied ; the fifth, made 
apparently under the same conditions, gave a very much 
lower impact value. 

The addition of a similar amount of silicon to irons 
containing 14 per cent, or more chromium results in the 
production of relatively brittle material, as judged by the 
Izod test. As has been shown earlier in these pages, the 
plain chromium irons, containing more than about 15 per 
cent, are likely to have low impact values, no matter how 
they are treated. The addition of one per cent, silicon does 
not improve these values, if anything it tends to make them 
worse, and it lowers the chromium content at which the 


Table L. 

Effect of Silicon on the Mechanical Properties of High Chromium 

Irons, 


BrlneU 


Carbon 

Silicon 

II 

Treatment. 

Hardness 

Number. 

Iiod 

Jnip.pt, 



% 


Hard*d ]Temp*d 

ft 

lbs. 

0*10 

1*10 

15*5 

W.H. OSO'-C., W.Q. 700“C. 

163 

166 

2 

2 




W.H. lOSO'XJ.. W.Q. 700“C. 

217 

187 

3 

3 

0*18 

0*90 

17*5 

W.H. 950°C., W.Q. 700*0. 

166 

168 

4 

5 




W.H. 1050*C., W.Q. 700X. 

228 

104 

6 

7 
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brittleness is produced. The values given in Table L were 
obtained from bars f inch square, rolled from 12 inch square 
ingots, and they indicate the type of impact value to be 
obtained even under these ideal conditions. All the fractures 
were cqprsely crystalline. 

The addition of higher percentages of silicon lowers still 
further the chromium content at which low carbon steels 
lose their toughness, and it docs not improve the properties 
of those of higher chromium content which already possess 
low impact values when containing little or no silicon ; as 
witness the tests in Table LI. All the impact fractures of 
these bars were coarsely crystalline. 


Table LI. 

Effect of Tlifffi Silicon Content on Stainless Irons. 
(Hars treated : V square.) 


Carbon 

% 

Silicon 

% 

Chro- 

mium 

0/ 

/o 

Treatment. 

Brlnell 

Hardness 

Number. 

Hard *d 1 Temp’d 1 ft. lbs. 

0‘15 

8-5 

8-7 

W.H. 950°C., W.Q. 700“C. j 

228 

228 

4 

4 




W.H. 1050°C., W.Q. TOO^C. 

364 

282 

4 

4 




A.H. 1050°C.,W.Q. CSO^C. i 

241 

235 

3 

4 

0‘22 

3*3 

14-9 

W.H. 950°C., AV.Q. 700°C. 

228 

22S 

2 

8 


1 


W.H. 1050°C., W.Q. 700°C. 

235 

228 

2 

2 


From several points of view the properties induced in 
stainless iron by the presence of about one per cent, silicon 
would be useful. Thus although such irons, containing 
12/14 per cent, chromium, do not air harden to anything like 
the same extent as the higher carbon steels of similar 
chromitun content, they possess this characteristic in some 
degree and the reduction of even this limited capacity for 
air hardening would be valuable for certain purposes. For 
example, in the engineering application of stainless materifds, 
the stainless irons may be looked upon as taking the place 
of ordinary mild s^el. The latter material is particidarly 
fool-proof in its ability to withstand maltreatment during^ 
hibricalion by various workshop processes ; thus it does hot 
fur-harden in the least, it is not greatly affected by a 
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cansid€mble amount of overlwating and it iriay teadily be 
wolfed over a considerable rimge of temperature. Lbe 
more nearly a stainless iron approacdies ordinary mild steel 
in these respects, the less difficulty is there likely to be in 
developing its engineering uses. Now the possession of 
air-hardening properties, even in relatively small degree, is 
a distinct disadvantage in several respects. Tempering is 
necessary after codling from forging heats, not only to remove 
the hardness thus produced — quite frequently, this increased 
hardness, in the case of stainless iron, would not be sufficient 
to cause any trouble in machining operations — ^but to restore 
ductility and toughness to the material. If this were not 
done, such operations for example, as the cold pressing, 
flanging or bending of plates would be likely to lead to 
cracked material. For the same reason, air-hardening 
properties are undesirable in material for rivets ; they entail 
the latter being driven at tempering heats, otherwise the 
rivet heads will most probably fly off. The action of silicon 
in diminishing air-hardening effects and in raising the tempera- 
ture at which they begin to be noticeable would therefore be 
useful were it not for the fact that these desirable attributes 
are accompanied and entirely overshadowed by the liability 
to brittleness, after any form of treatment, which is 
characteristic of silicon-containing material. Hence, 
when tough material is essential, the presence of silicon 
is undesirable. This is recognised, for example, in specific- 
ations for aircraft material in which the silicon content of 
stainless iron and steel is limited to not more than 

O. 5 per cent.f 

Owing possibly to the fact that the impact test is used 
much less frequently in the United States of America th"n 
in Great Britain, stainless irons containing silicon have been 
widely used there. For example, large quantities of low 
carbon material containing about 17 per cent, chromium 
and 1 per cent, silicon have been employed for the ctm- 
struction of plant for the manufacture and haTidling of 
nitric acid. From a corrosion resisting point of view, such 
material may be eminently satisfactory,! its intrinsic 
brittleness is not regarded favourably by chemical engineers 

British EnginAetiBg Standards Speoifloations S.«l, S.82, S.»; also 

P. T.D. Speoifioati(»)a Nos. 23, 39, 40, 63, issued by tbe Air Board. 

t But see page 303, re the efiset of high silieon oontent on tbs rate of attaok uf 

lUtde add. 
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in this country, with the result that it has been little 
used here. 

It may be objected that as plates are not usually notched, 
an impact test does not reproduce service conditions, the 
latter b^ng more nearly represented by ordinary bend tests ; 
and, when tested in this way, the high silicon stainless iron 
may give quite good results. There may be some point in 
this, but on the other hand, rivets certainly possess re- 
entrant angles and it is a fact that very great trouble was 
experienced in the United States in successfully driving 
rivets of this material ; at first, the rivet heads were liable 
to fly off in a most disconcerting manner with little or no 
provocation. Actually, some six months elapsed before a 
special technique was developed by which fairly satisfactory 
rivets could be driven. When it is remembered that such 
rivets should be specially designed to avoid a sharp angle 
under the head, that the holes in the plates require to be 
countersunk and reamered out for the same reason and 
to avoid grooving the rivets and that the latter can only be 
successfully driven in the boiler shop and not on the 
plant site, as they must not be heated above 760°C. or they 
will be too hopelessly brittle, it will be realised that the 
material is far from ideal for fabrication into plant by 
boilermakers’ methods. English chemical engineers are 
probably wise in preferring tougher material for their 
equipment. 

The greatest commercial value of the chromium-silicon 
alloys appears to lie in their superior resistance to oxidation 
at high temperatures as compared with steels containing 
similar amounts of chromium but negligible amounts of 
silicon. For this reason, they have found use for such a 
purpose as exhaust valves for internal combustion engines 
where temperatures of 800°C. or over are likely to be reached. 
In this particular case, they have also the added advantage 
that^ owing to the effect of the silicon in raising the tempera- 
ture at which the carbon change point occurs, Jthey are less 
liable to reach, in service, a temperature from which they 
would harden on cooling. Obviously, if a valve reaches 
such a temperature in use, it is likely to harden on cooling 
when the engine is stopped. On restarting the engine after 
it has become cold, there is a possibility that a valve so 
hardened may break. . Examples of valve failures due to 
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cause were quot^ by Aitchison.* though it is probable 
that they occur only very rarely. 

For such purposes as this it is not necessary to use so 
high a chromium content as that in ordinary stainless steel ; 
6/8 i«r cent, is ample and this amount, in combination with 
about 1 pCT cent, silicon and 0-5 per cent, carbon gives a 
material which may be used up to about 850°C. and at the 
same time possesses very good physical properties. The 
latter point is illustrated by the tests given in Table LII 
and obtained from bars inch in diameter made from 

different casts of steel having approximately the above 
analysis : — 

Table LII. 

Mechamcal Properties of Steels containing 7 per cent. Chromium and 
1 per cent. Silicon. 


Treatment. 


A.H.900'’C..W.Q.750°C. 


w.Q. roo°c. 

W.Q. 750X. 

W.Q. TOO'C. 
W.Q. 750°C. 


Yield 
Point, 
tons per 
SQ* inch. 

Maximum Blonffa* 
StresB, tion 

tons per percent. 
8q. inch, on 2 ins. 

Boduo- 
tion 
of Area 
percent. 

Brlnell 

Hard- 

ness 

Humber. 

iMd 
Impact, 
ft. iba. 

40-8 

52*6 

28-0 

61*5 

251 

49 47 44 

40-8 

52-0 

28-0 

66*8 

255 

61 60 58 

44-8 

58-2 

22-0 

49*7 

286 

29 29 24 

460 

54*6 1 

1 

23-0 

58-4 

262 

49 40 

52-0 

57-8 1 

25-0 

55-8 

269 

85 80 

40*4 

53-8 1 

250 

57-0 

255 

57 85 51 


The valves of the engine fitted to the Vickers-Vimv 
aeroplane used by Sir A. W. Brown and Sir J. Alcpck for their 
epoch-making flight across the Atlantic on June 14th 1915 
were m^e of steel of this type and the fact that they behaved 
perfectly under the arduous conditions of that flight is 
®*®el has eminently suitable properties for 

If resistance to oxidation at stUl higher temperatures is 
reqmred, the silicon content of the steel may be increased 
to 2 or 8 per cent., the chromium remaining at about 8 per 
cent. Material of this analysis is very resistant to oxida- 
tion at any temperature up to about 1,000“C. ; in addition 
it 18 not capable of being hardened by rapid cooling until a 
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tcQipcreturc nesrly 8S high fts this is r6&chcd> i$ 

illustrated by the curves in Fig. 186, which show the Brindl 
hardness numbers obtained from small samples of sudi a 
steel after water quenching or air cooling from a series of 
gradually increasing temperatures. These curves also 
illustrate very strikingly the effect of silicon in reducing the 



TEMPERATURE 

Fig. 136. Brinell hardness numbers obtained from small samples of 
steel oontaining 0*43 % carbon, 3*29 % silicon, 0*24 % manganese and 
7*4% chromium after water quenching (W.Q.) or air cooling (A.C.) 
from the temperatures indicate. 


air^haideiiiiig capacity of the steel to which it is added. 
With such a high silicon content, however, the effect of this^ 
element on the mechanical properties of the steel befcrnn^ 
very evident; such steels, whai hardened and fully tempered, 
are considerably harder than steels low in silicon but otiier- 
wise similar in analysis ; they also give low Ijso^ imp^ 
values* Typical properties are shown in Table LIXI, 
These vsdues should be compared with those given by . 
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LIIL 

Mtehanieal Properties of Hi^ Silicon Vdve Steels, 

(Bars treated : IJ' diameter.) 


No. 

CerboQ 

% 

SlUCOQ 

% 

Chromiom 

% 

w 

0*51 

3-17 

8-0 

(2) 

0-61 

3S 

8'5 

(3) 

0*43 

3*29 

7*4 


No. 

Treatment. 

Yield 
Point, 
tone per 
eq. inch 

Maxi- 
mum 
Strese, 
tons per 
sq. inch 

Blonga- 

tlon 

per cent J 
on2ins.; 

Eeduo- 
tlon 
of Area 
per cent 

BrineU 

Itod 

Hard^d. ; 

Temp'd. 

It Ibt. 

(1) 

O.H. IflOO’C., W.Q. 800°C. 

60*4 

62*8 

220 

40*6 

655 i 

293 

8 8 


A.H, e60‘'C.,.W.Q. 760°C. 

34*0 

64*4 

26*0 

46*9 

265 1 

265 

1 1 

(2) 

O.H. 1000"C., W.Q. TOO'C. 

60*0 

74*6 

15*0 

26*1 

eoo 

364 

2 3 

(3) 

O.H. ew"©., W.Q. 700°C. 

34*8 j 

62*0 

27*0 

47*2 



2 1 


the lower silicon alloy mentioned earlier (Table LII) and 
also by the chromium steel of similar carbon content listed in 
Table IX, page 109. 

The mechanical tests on these high silicon valve steels 
have been given for the sake of completeness. It does not 
necessarily follow, however, that the use of material con- 
taining two or three per cent, silicon for the manufacture of 
valves is to be deprecated because it has such a low impact 
value at ordinary temperatures. Large numbers of valves 
made of such steel and also of other types possessing equally 
low impact values, have been put into service during the last 
ten or fifteen years and a broken valve is an exceedingly rare 
occurrence Most probably the reason may be found in the 
fact that a valve, during the greater part of its working life, 
is heated considerably above atmospheric temperature, and 
the impact value of these steels increases rapidly when they 
are heated. Thus the figures given in Tables LlV ware 
obtained by Henshaw* on a steel of this type and they show 
that it possesses a high degree of toughness at a low red 
heat* Failure owing to brittleness is not Ukely to occur, 

to s fteel vm tut tlwy msy be e^lleS W the pm 
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thertfoTe, dtuing service but it may happen when the ^jigine 
is cold. The author has known a valve of this st^ to bmi^ 
when it was accidentally dropped during the overhayl of an 
engine. This particular valve had been in service for a con- 
siderable time imder severe conditions and had developed 
shallow “ heat cracks ” on the stem, close to the head. One 
of these cracks, acting as a notch, gave Jhc necessary lead 
to the fracture. 


Table LIV. 

Impact Tests of High Silicon Valve Steel at High Temperatures. 

Carbon 0-64 per cent. ; Silicon 2-5 per cent. ; Chromium 8‘2 
per cent. ; Tungsten 1 -96 per cent. 


Temperature. 


15“C. 

100°C. 

200°C. 

800°C. 

400°C. 

SOOX'. 

600°C. 

700'‘C. 

SOO^C. 

900°C. 


Impact Value 
It. Ib8. 


4 

7 

18 

86 

86 

36 

88 

50 

74 

77 


For heat resisting purposes, alloys with about 5 per 
cent, each silicon and chromium have been proposed. Alloys 
of this composition require to be heated to about 1,000®C. 
before they may be hardened by quenching, a feature of 
value for articles which are likely, in use, to be repeatedly 
heated to and cooled from temperatures approaching this value. 
Such alloys as these, and also the 8 per cent, chromium, 8 per 
cent, silicon type described above, do not resist oxidation 
at temperatures as high as do the nickehchrotnium alloys 
of the nichrome ” or other types, nor do they possess as 
great a strength at high temperatures as the latter alloys ; 
they are, however, very much cheaper than the nickel- 
^htcmlum type and are more easily worked. Th^ will 
obviously be of value where the oxidation resistance and’ 
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at high temperatures which they possess arh 
for the purpose required. ' / -lupw 

(C) Chromium-Manganese Steels. 

As a general rule, stainless steels do not contain W 
amounts of mangraese. Frequently there is not more than 
0*l/o*8 per cent, in the hardenable varieties and tardy does 
the exceed 1 per cent. F. M. Becket obtained a 

p^ent m 1920 for steels containing 10/45 per cent, chromium, 
8/25 i^r cent, manganese and up to 8 per cent, each carbon 
and sihcon and claimed that such steels were machinable, 
res^nded readily to heat treatment, resisted oxidation at 
high temperatures and had a low magnetic permeability. 
Five years later, M. Baeke was granted a patentf in Prance 



for steels containing 8/25 per cent, chromium, 2/24 per n« »n t - 
miffiganese and 0*4/1 *5 per cent, carbon ; these were stated 
to be very resistant to acids and alkalies and to be unattacked 
y air. The author is not aware of the commercial develop* 
mciit of stocls of thoso types* 

• DA {Mmli ia20}. 

frhmh (March SOtii, Xfl 25 ). 
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The results of experimaats witb regard to the ^«et dl 
manganese, up to 2 per cent., on the hardening of 14 per 
cent, chromium steel are plotted in Fig. 187, the steds bdng 
first hardened and then reheated to gradually increasing 
temperatures ; the samples were quenched out from each 
tempering heat and their Brinell hardness values then 
determined. The steels unfortunately contained more 
silicon than is desirable, biit if allowance' be made for the 
effect of one per cent, of this element in raising the tempoa* 
ture of Ac.l 45/50‘’C., it would appear that the presence 
of two per cent, manganese has no great effect on the position 
of the carbon change point on heating, nor does it modify 
to any appreciable extent the tempering of the hardened 
samples. In this respect, it has a similar action, or lack of 
it, to that which it has on ordinary carbon steel. It may be 
concluded that the presence of one or two per cent, manganese 
does not necessitate any modification in the heat treatment 
of a hardenable stainless steel containing 14 per cent, 
chromium or thereabouts. Also mechanical tests on 
the steels whose hardening and tempering character* 
istics are plotted in Fig. 137 showed no appreciable 
effect on the properties of the steel due to this manganese 
content. 

These two steels showed no evidence of the retention of 
axistenite even after quenching from 1,200°C. ; with a higher 
content of manganese, however, this constituent is obtained 
in quenched samples. Thus steels containing the following 
amounts of carbon, manganese and chromium : — 



A. 

B. i 

c. 

D. 

Carbon % 

0'70 

1-08 

0'48 

0*53 

Manganese % .., 

8-2 

51 ' 

5*8 

6-7 

ChTomium'*% ... 

14-1 

14-9 

14*8 

12‘8 


were austenitic when quenched from high temperatures, 
e.g«, ItlOO^C. and 1,200°C., though they were partly marten- 
sitic after reheating to and cooling from 8007l»060°C., theif 
bdbaviour in this respect being typified by tiie curves in 
1%. 188. They were also almost unmachhaaMe. 

. Be^tly F. M. Becket has puUished the result^ d an 
iayt^igation into the properties of austenitic cim^Um- 
* “ OiCMmiTnii IbagMMW Staeb.” Antmt, Iron A Aed Iiut,, Iby, 1930. 
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naangaaese steds of tow caibon contont. His results, given 
in Tisbto X«V, indicate that a attaimum of about 10 per cent. 

is xeqiiired, in a steel containing 17/18 par cait. 
chromium, in order to produce a materid having properties 
MTnilftr to those of the austenitic chroiniuin*nick^ steels. 
It diould be noted that the low carbon steels were not com* 
pletdy austenitic ; they also contained farite (in a manner 
similar to Fig. 125) in amounts which increased as die 
quaiching temperature rose above 1,000“ C. 



REHEATINQ TEMPERATURE 


Fic. 138. Relation between reheating temperature and Brinell hardneas 
of chromium-manganese steels ; samples water quenched from each tem* 
perature. 

Curve Carbon Silicon Chromium Nickel 

% % ,% % 

A (bSS 6<7 12*8 0*42 

B 1‘08 6<1 14*9 0-40 

The fact that manganese behaves, as regards the forma- 
tion of austenite, in much the same way as nickel suggests 
that it might also possess a further similarity with the laUer 
metal in increasing the hardening capacity and toughnem 
of tow carbon irons and steels containing 16/20 per cent. 
r»hT «mium. Actually the addition of 1 or 2 per cent, man* 
gahese to an iron containing 16/17 per cent, chromium does 
idi^tly increase the hardness of die latter after quenchii^, 
as indicated in Fig. 189, but the difference is not great. 
Muc^ the same effect is produced with materisd of sindlar 
but rather higher <»rbc»i, content which hardens 
to a limit^ extent. Here, the jnesenee of 1 or 2 per bent. 
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Table LV. 

Mechanical Properties of Chromium-Manganese Steels. 
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manganese increases in some measure the hardness after 
quenching and thereby improves the mechanical properties 
of the subsequently tempered material. Examples are 



Ffo. 139. Effect of manganese on the hardening of stainless iron. 


Curve Carbon Manganese Chromium 

o/ O/ 0 / 

^ /o /o /o 

A 0-11 1*22 livl 

B 0-10 0-17 lG-0 


Nickel 

% 

0-19 

0-20 



^ manganese 


Fio, 140. Effect of manganese on 18/10 per cent, chromium steel 
(carbon 0*21/0*23 jier cent.) 

Curve A. Hardness values of 3 in. square ingots air cooled after casting. 
Curve B, Hardness values of bars, 1 J in. diam.^ air cooled from rolling heat» 
1.000/1,100“ C. 
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given in Table LVI. That the effect is slight is evident, 
however, if a rather higher chromium content be used ; in 
this case, even the presence of 4t per cent, manganese is not 
effective in making the steel harden to any notable extent ; 
see Tables LVII and Fig. 140. 

r 


Table LVI. 

Effect of Manganese on 17 jpcT cent Chromium Sleet 


Treatment : O.IL 950T., W.Q. 700T. 
(Bars treated : IJ' diameter.) 


Carbon 

% 

Man- 

ganese 

% 

Chro- 

mium 

% 

Nickel 

% 

Yield 
Point, 
tons per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 ins. 

1 

Reduc- 
tion 
of Area 
percent. 

Brinell 

08 

Hardened 

Isod \ 

Impact, 
ft. lbs. 

0-28 

0*25 

16*8 

0*24 

300 

42*0 

27*0 

58*2 

311 

38 37 41 

0-28 

115 

16*9 

0*38 

42*0 1 

53*4 

21*0 

49*7 

444 

60 48 57 

0*22 

0-86 i 

16*8 

0*22 

30*0 

38*6 

29*0 

57*0 

269 

45 41 50 

0-22 

2-22 

17*0 

1 

0*38 

36*0 

49*2 

23*0 

51*0 

887 

47 52 . 


Table LVII. 

Effect of Manganese on 18/19 per cent Chromium Stect 

Treatment ; O.H. 950X., W.Q. 700°C. 

(Bars treated : IJ'^ diameter.) 


Carbon 

% 

1 

Man- 

ganese 

% 1 

Chro- 

mium 

% 

Nickel 

% 

Yield 
Point, 
tons per 
sq. Inch. 

Maximum 
Stress, 
tow per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 ins. 

Reduc- 
tion 
of Area 
percent. 

Brinell 

as 

Hardened 

Izod 

Impact, 

It. lbs. 

0*28 

0*44 

18*6 

0*27 

17*9 

85*0 

31*0 

57*0 

194 

12 15 15 

0*28 

1*27 

19*1 

0*27 

20*6 

36*1 

32;0 

57*0 

207 

22 20 14 

0‘22 

2*23 

19*0 

0*27 

24*0 

40*5 

29*5 

49*7 

241 

34 25 25 

0*22 

2*80 

18*7 

0*27 

19*7 

38*2 

28*5 

51*0 

202 

12 18 

0*21 

8*96 

18*6 

0*27 

23*0 

88*4 

25*5 

40*5 

187 

28 18 21 


Manganese is an almost essential constituent of ordinary 
carbon steel and of most structural alloy steels, its presence 
being necessary to ensure soundness in the material and 
to prevent the sulphur in the steel producing hot working 
troubles; it also influences considerably the hardenirig 
capacity of the steel On none of these counts does 
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i]Uuigaii€S6 appear to be so necessary in high chromium steels. 
Perfectly sound ingots of the latter may be made even though 
the manganese content be 0-10 per cent, or less. As regards 
sulphur, mention has already been made of the fact that this 
element appears to exist in high chromium steels in a different 
fashion from that in ordinary steels. It is at least certain 
that stainless steel containing 0*07/0 *10 per cent, sulphur 
and 0*l/0*2 per cent, manganese forges perfectly without the 
least sign of redshortness, although most steelmakers would 
look askance at such a combination in ordinary steels.* On 
the third count, that of influencing hardening capacity, 
Tables LVI and LVII suggest that the effect of manganese is 
much less marked on high chromium steels than on less 
alloyed material. 

Similarly, chromium-nickel steels of the “ V.2.A.” type, 
do not usually contain more than about 0*7 or 0*8 per cent, 
manganese but in the higher nickel alloys (e.g., containing 20 
per cent, or more) it is often found to the extent of one or two 
per cent., presumably because its presence is beneficial from 
a forging point of view. 

(D). Chromium-Copper Steels. 

Copper is not generally present in the ordinary “ cutlery’’ 
type of stainless steel nor in the stainless irons, but as it has 
certain definite effects from a corrosion resisting point of 
view, when added to such steels and irons, it is interesting 
to note its general effect on their physical properties. 

In curve A, Fig. 141, are plotted the Brinell hardness 
numbers obtained on tempering at gradually increasing 
temperatures hardened samples of a 12 per cent, chromium 
steel to which had been added 1*2 per cent, copper. The 
samples had been hardened by cooling freely in the air from 
950T, and from each tempering heat were quenched in 
water. Curve B gives the results similarly obtained on a steel 
free from copper but otherwise identical in analysis, except 
that its carbon content w^as somewhat lower, 0*16 per cent, 
instead of 0*22 per cent. A comparison of the curves 
indicates that the presence of 1*20 per cent, copper lowers 
the Ac.l point about 25®C., a figure confirmed by thermal 

* Aoootdmg to F. B. Balzner (Trans, A.8,S.T,t Oecomber, 1928, v. 877), the 
hot %orl^ of fitaijDlefis izon becomes senoiusly affected if the sulphur ooateat 
exceeds per cent., and material con taming 020 per cent, and over is corn- 
.nierdally unworkable. 
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analysis. Allowing for the difference in carbon content 
of the two steels, it would also appear that copper increases 
slightly the hardness of the steel when the latter is tempered 
at 600°C. or above. The difference, however, is not great. 



l-'to. 141. 
steel : — 


Effect of copper on the hardening and tempering of stainless 

Carbon, Chromium, Copper, 

Curve. % % % 

A. 0-22 12-1 1*20 

016 12*1 008 


It would thus appear that copper acts in a somewhat 
similar manner to nickel but to a much less degree. The 
effect of about 1 per cent, copper is in fact so slight that 
its presence would not necessitate any modification of the 
ordinary methods of heat treatment of stainless steels. 

On the other hand, the effect of copper differs from that 
of nickel in that the presence of fairly large amounts of the 
former metal does not lead to the production of austenite. 
Thus samples of the following alloys : — 



A 

J3 

Carbon ... 

0-17% 

0-16% 

Silicon ... 

0*88% 

0*33% 

Manganese 

0-11% 

0*11% 

Chromium 

14-0 % 

15*7 % 

Copper 

5*0 % 

9*85% 
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Were not austenitic when quenched from any temperature up 
to 1.200®C., the Brinell hardness numbers of small samples 
after water quenching from various temperatures being 
plotted in Fig. 142. It would also appear from these curves 
that the lowering of the temperature of Ac.l which was 
noticeable with 1*2 per cent, copper does not become more 
pronounced with larger amounts of tliis element. 



Fig. 142. Effect of high copper content on the hardening of stainless 
steel (see page 234 and compare with curve G. in Fig 35). 


As the presence of small amounts of copper has 
occasionally been thought to exert a deleterious effect on 
the general properties of ordinary steel, it may be of interest 
to note that the steel mentioned on page 283, containing 1 *2 per 
cent, copper, forged and rolled perfectly and that when 
hardened and tempered it was ver>' tough ; thus a bar, 
Ij inches diameter, after being air hardened from 950X. 
and then tempered at 700 °C., gave a Brinell hardness 
number of 228 (corresponding to a tensile strength of 50 tons 
per square inch) and had an Izod impact value of 59 ft. lbs. 

The tests in Table LVIII, quoted from a paper by 
Saklatwalla and Demmler,* also indicate that the addition 
of copper has a distinct hardening action on stainless iron 
buf has no deleterious effects. 

• Trans. A.S.S.T., 1929, Vol. XV, p. 36. 
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Table LVIIl. 

Effect of Copper on Stainless Iron, 


Carbon 

% 

Chro* 

mlum 

% 

j 

Co^er 

Treatment. 


BCaxlmum 
Stress, 
tons per 
sq. inch. 

Elonga* 

tlon 

percent, 
on 2 ins. 

Eedno' 
tlon 
of Area 
percent. 

Brlnell 

Hard- 

ness 

Number. 

laod 
Impafit, 
ft Iba. 

0*11 

14-2 

0*05 

Annealed 

18*7 

31-9 

400 

78*0 

146 


012 

18*8 

1*80 

)) 

38-2 

48*8 

^6-5 

67*6 

205 



With regard to higher chromium steels, the Carpenter 
Steel Co. (U.S.A.) manufacture a steel containing approxi- 
mately 0*80 per cent, carbon, 20 per cent, chromium and 
1*0 per cent, copper. Material of this analysis does not 
harden to any great extent and it suffers from the disability 
of having a low impact value in the same way as steels of 
similar high chromium content but free from copper. Saklat- 
walla and Demmler give the data presented in Table LIX on 
such a steel. 


Table LIX. 

Effect of Copper on 20 per cent. Chromium Steel. 


Carbon 

% 

silicon 

;0 

Manganese 

Chromium 

% 

Nickel 

% 

Co^r 

0*27 



20-4 

0*17 

1-44 


Treatment. 

Yield 
Point, 
tons per 
sq. inoh. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 Ina. ' 

Eeduc- 
tlon 
of Area 
per cent. 

Brlnell 

Hard- 

ness 

Number. ' 

Izod 
Impact, 
ft. Iba. 

Annealed 

28*3 

43*5 

22-0 

52*6 

215 

2 1 

W.H. lOOG^C,,!. 425'’C., 



— 


266 

— 

„ T. 600"C. 



i 

—— 1 

258 1 

i ' 

1 


Very similar results were obtained on a steel of this 
type by Strauss and Talley* whose figures are quoted in 
Table LX. An interesting feature of thek results and one 
difficult of explanation is the notable increase in impact value 

* **8tiuxte Steek*. Th^r He&t Tteatment and EeBistaiMe to 8ea*Watot 
Cotiottoa.” Pfoc, A,8,T,M,, 1924, Vol 24, Pt. IL 
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obtained f]x>in samples quenobed from high temperatures 
and not subsequently tempered. It should be noted that 
these Izod test pieces were machined with a round notch 
0*079 inch (~2 mm.) diameter. The results are therefore 
not comparable with other impact test values quoted 4n this 
book. Tests on the British Standard test piece would have 
given lower values. 

TABI.E LX. 


Effect of Copper on 20 per cent. Chromium Steel. 


Carbon 

% 

Silicon 

% 

Man^aneoe 

Cfaromlum 

% 

Nickel 

% 

Copper 

0-24 

0*29 

0-49 

20-44 

trace 

1-08 


Treatment. 

Proper* 
tional 
Limit, 
tons i>er 
sq. inch. 

Maxi- 
mum 
Stress, 
tons jier 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 ins. 

Reduc- 
tion 
of Area 
per cent. 

BrlneU 

Hard- 

ness 

No. 

Izod 
Impact.! 
It. lbs. 

As received from steel maker 

11-5 

50*4 

20*0 

35*0 

207 

4 4 

F.C. 870"C 

20-.3 

38*0 

32*0 

62*3 

170 

1 2 

„ 982®C 

20*0 

36*6 

30*2 

59*3 

163 

2 2 

„ 1093®C 

18-0 

35*8 

28*5 

59*5 

163 

1 1 

., 1204®C 

17*1 

35*7 

6*8 

7'4* 

170 

1 1 

W.Q. 87rc 

13*6 

38*4 

30*0 

60*8 

163 

6 15 

„ 982^0 

11*3 

49*4 

20*2 1 

37*6 

203 

4 5 

„ 1093*C. 

11*3 

54*0 

19*2 

31*4 

187 

25 23 


10*6 

62*5 

13*0 I 

10*7* 

— 

33 33 

„ 1204'»C 

11*3 

46*5 

29*7 

26*0 

174 

31 27 

W.Q. 982*C., A.C. 538“C. ... 

29*7 

55*1 

2*8 

2*8* 

228 

1 1 

W.Q. A.C. SSS'C. ... 

16*3 

67*0 

9*1 

6*5* 

207 

5 14 


• Broke in fillet. t notch 2 mm. diam. 

Table LXI. 

Effect of Copper on 25 per cent. Chromium Steel. 


Carbon 

% 

Chro- 

mium 

% 


Treatment. 

yield 
Point, 
tons per 
sq. Inch. 

Maxi- ^ 
mum 
Stress, 
tons per 
sq, inch. 

Elonga- 

tion 

percent, 
on 2 ins. 

tlo& 
of Area 
percmiti 

Izod 

fhibs. 

0*26 

23*6 

nil 

A.H. 950*»a, W.Q. 700fC. 

? 

37*2 

28*0 

49*7 

2 2 2 

0*27 

24*2 

M7 , 

f/ $9 

20*4 

34*4 

26*0 

48*6 

3 3 3 

0-26 1 

24*3 

1*6 1 

99 99 

I ? 

35-6 

22*0 

43*2 

2 3 3 

0*27 

24*2 

1 2*08 1 

99 99 1 

30*0 

1 36-4 

25*0 

I 48*5 

3 3 3 

0*26 

24*4 

2'6 

99 99 

30*0 

37*0 

24*0 

45*0 

3 3 3 
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Here again the copper appears to have a slight hardening 
effect^^ but with a still higher chromium content this becomes 
negligible, even when as much as two or three per cent, of 

copper is present, as witness the tests in Table LXI. 

« 

(E) Chromium-Aluminium Steels. 

Aluminium is not usually present, except in minute 
amounts, in stainless steel. Occasionally, however, it may 
be found in appreciable quantity, more particularly in low 
carbon material which has been made by some modification 
of the thermit process. 

The effect of aluminium appears to be in many respects, 
similar to that of silicon but in a much more pronounced 
degree. Like the latter clement, aluminium raises very 
considerably the temperature of the Ac.l point ; it also 



Effect of aluminium 

on the hardening of stainless iron : — 


Carbon 

Chromium 

Aluminium 

Curve 

% 

% 

% 

A 

0-09 

12-0 

0-15 

B 

0-11 

13-3 

0-49 

C 

o-n 

10-9 

1-OS 

I) 

0-11 

12-0 

1-46 


raises the temperature of the A.3 change and lowers that of 
A. 4, thus restricting the production of austenite. As a 
result, if present to the extent of about one per cent, or over, 
it may prevent low carbon material from hardening in. any 
^(^t degree even when water quenched in the form of small 
discs from^any temperature up to at least 1,800°C. Such 
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a non-hardemng iron would have advantages from some 
points of view ; unfortunately, however, high sdurainium 
material has a very low impact value, breaking under the 
impact test with a coarse crystalline fracture. 



Fig. 144. Effect of aluminium on the hardening of stainless steel 


Curve Carbon 

% 

K. 0-26 

F. 0-26 


Silicon Chromium 
o/ o/ 

/o /(> 

0-68 12*4 

0*67 12*2 


Nickel Aluminium 

/O /O 

0*45 0-62 

0-45 M3 


The effect of aluminium on the hardening of stainless 
material is shown in Figs, 143 and 144. In the former are 
plotted the Brinell hardness numbers olitained on quenching 
small discs, J inch thick, of low carbon alloys, and a glance 
at these curves shows very plainly the effect of aluminium 
in raising the hardening temperature and also in preventing 
the metal hardening to any great extent. 

Fig. 144 gives the figures obtained from two samples 
of higher carbon material. The samples were in the form 
of* bars | inch square and 2 inches long, and were quenched 
in water from the temperatures indicated. These curves 
indicate, after allowing for the silicon and nickel in the steels. 
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that the presence of one per cent, aluminium raises the Ae.l 
point about 120°C. 

With regard to the impact value of these steels, samples 
E and F, when tested in the form of round bars, inches 
diameter, gave the following results : — 




Yield 
Point, 
tons per 
sq. in. 

Mas. 
Stress, 
tons per 
sq. in. 

Elonga- 
tion 
I)er cent 
on 2 ins. 

Reduc- 
tion 
o{ Area 
percent 

Brinell hardness 
Number. 

izod 
Impact, 
ft. lbs. 

steel. 

Treatment. 

After 

Hard- 

ening 

After 

Temp- 

ering 

E. 

A.II. 1,000“ W.Q. 700“ C. ... 

460 

560 

IG-O 

47‘2 

337 

248 

18 23 

F. 

A.H. l,0fi0“ W.Q. 700“ C. ... 

39'2 

53-8 

17’0 

40*6 

340 

255 

12 10 id 
1 


All the impact fractures were coarsely crystalline. The 
values for elongation and reduction of area in the tensile 
test are also not particularly good. 

Similar impact results were obtained from the low 
carbon steels. Steel A (Fig. 143) when oil hardened from 
IjOOO^C. and tempered at 700°C. (in the form of a round 
bar, 1 inch diameter) gave the following mechanical test : — 


Yield 
Point, 
tons per 
sq. inch. 

Maximum 
Stress, 
tons per 
sq. inch. 

Elonga- 

tion 

per cent, 
on 2 Ins. 

Reduc- 
tion 
of Area 
per cent. 

Brinell 

Hardness Number 

Izod Impact, 

ft. lbs. 

After 

Harden- 

ing. 

After 

Tem- 

pering. 

85-2 

42 6 

30-0 

67-8 

321 

207 

104 105 102 


a result typical of tough ductile material such as stainless 
iron should be. Samples B to D, on the other hand, when 
water hardened and tempered, in the form of J inch square 
bars, gave the values indicated below : — 


steel. 

Treatment 

Brinell Hardness Number 

Izod Impact, 
ft lbs. 

After 

Hardening. 

After 

Tempering. 

B. 

W.H. 930” W.Q. 700“ C. 

212 

166 

12 

14 

B. 

Kill V A KiMi jAvaSSTiTiSiH 

235 

179 

15 

20 

C. 



174 

10 

11 

D. 


207 

187 

10 

11 
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All the samples were coarsely crystalline, the coarseness 
being particularly evident in samples C and D, nor was it 
found possible to improve the appearance of the fractures 
by any treatment up to a temperature of 1,100°C. 

(F) Chromium-Molybdenum Alloys. 

The resistance of chromium-molybdenum alloys to 
chemical attack, particularly of acids, was noted by Borchers 
and Moonartz sonie years ago. In 1910, they obtained a 
German patent (No. 246,015) in respect of alloys containing 
10/60 per cent, chromium, together with 2/5 per cent, molyb- 
denum, claiming for them high resistance to chemical action 



Fig. 145, Brincll hardness numbers obtained from chromium* 
molybdenum steel containing 0*24% carbon, 12-8% chromium, 2*28% 
molybdenum afU^r water quenching (Curve A) or air cooling (Curve B) from 
tile temperatures indicated. Chirvo (J gives typical results obtainable on air 
cooling a sti^el free from molybdenum, but otherwise similar in analysis. 


and mechanical workability. The addition of one or two 
per cent, molybdenum to a chromium steel of the ordinary 
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stainless type has also a notable effect on the latter’s resist- 
ance to mineral and organic acids, though the author is 
not aware that such steels are used commercially. 

With regard to the effect of such a content of 
molybdenum on the mechanical properties of the steel, 
experiments indicate that the presence of this metal 
{a) raises the temperature of the Ac.l point. 

(6) reduces to a distinct extent the air-hardening capacity 
of the steel, at least when cooled from the range 
of temperature of about one hundred degrees or so 
above the Ac.l point. 

These effects are apparent from the curves in Fig. 145 
Curves A and B indicate the Brinell hardness numbers 
obtained from a steel containing 0*24 per cent, carbon 
12-8 per cent, chromium, and 2*24 per cent, molybdenum. 
The figures plotted in curve A refer to small discs water 
quenched from the temperatures indicated while those in B 
were obtained from bars, one inch diameter, which had been 
air-cooled. For comparison, curve C represents typical 
figures obtainable on air or oil hardening a steel free from 
molybdenum, but otherwise of similar composition. 

Presuming, however, that a suitable hardening tem- 
perature is used for the molybdenum steel, the latter, when 
subsequently tempered, behaves very similarly to an ordinary 
stainless steel. Probably the molybdenum steel is somewhat 
harder when fully-tempered than a steel free from this metal, 
but otherwise the presence of the molybdenum would appear 
to have little effect on the properties of the steel. Thus a bar 
one inch in diameter of the steel referred to above, containing 
2*24 per cent, molybdenum, 0*24 per cent, carbon, and 
12*8 per cent, chromium, when oil-quenched from 050 '^C., 
and then tempered at 700 ^C., gave the following tests : — 


Yield 

Max. 

Elonaa- 

Reduc- 

Brinell Hardness No. 


rotnt, 

Stress, 

lion 

tion 


Izod 

tons per 

tons per 

per cent. 

of Area 

After After 

Impact, 

$q. inch. 

sq. inch. 

on 2 ins. 

per cent. 

Hardening. Tempering. 

ft. lbs. 

S4*0 

j 49*6 

270 

59-8 

882 235 

47, 55, 46. 


The yield point is somewhat low, an effect wliich may 
be attributed to the fact, indicated by the Brinell hardness 
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number, that the steel was not fully hardened by oil-quenching 
from 950®C, The maximum stress is also rather higher than 
would be obtained from an ordinary stainless steel of the 
same carbon content after similarly hardening and tempering 
(compare with results in Table VI, p. 106), but apart from 
this, the results are typical of ordinary stainless steel 

A similar conclusion would be drawn from the results 
of the following te’st on a stainless iron containing molyb- 
denum : — 


('arbon 

O' 

Chromiiim 

Nickel Molybdenum 


0-08 

18*2 

0-80 0-97 


Treatment. 

Yield iMaxlmuni 
Point, stresB, 
tons per tons i»i‘r 
8(j. inch. 8(|. inch. 

Elonga- 

tion 

percent, 
on 2 iu8. 

Brinell 

^^tlon*" ®®''^dne98 No. 
of Area , 

percent. Hard’d. |Temp’d 

Isod 
Impact, 
n. lbs. 

A.H.950\\, W.Q.700° 

870 1 45-0 

29-0 

63*7 351 241 

86 86 88 


In addition to raising the temperature of the Ac.l 
change, molybdenum, as has already been noted on page 68, 
decreases the range of existence of austenite by raising the 



ViG. 146, Effect of molybdenum on the hardening of 17 per cent, 
ohromitun steel samples water quenched from temperatures indicate 

Carbon Chromium Molybdenum 
Curve % % % 

A 0-21 17-2 2-63 

B 0-17 17a nil. • 
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temperature of A.8 and lowering that of A.4. Behaving 
thus in the same way as chromium, molybdenum does not 
improve the hardening capacity or the mechanical properties 
of the higher chromium steels. For example, the curves in 
Fig. relate to steels containing 17’l/17-2 per cent, 
chromium and they show that the one containing molybdenum 
hardened less than the other, which was free from this metal, 
and this in spite of the higher carbon content of the molyb- 
denum steel. The tests in Table LXII also indicate tbit 
molybdenum has no beneficial effect on the mechanical 
properties of such steels. 


Table LXII. 

Influence of Molybdenum on 17 per cent. Chromium Steel. 


Hark 

Carboo 

% 

Chromium 

% 

Nickel 

% 

Molybdenum 

% 

A 

0‘2S 

16-8 

0-24 

nil 

B 

0-28 

17-1 

0*20 

101 

C 

0*21 

17-2 

0*26 

1 2‘33 


Mark 

Treatment. 

Yield 
Point, 
tone per 
sq. inch. 

Maximum 

Stress, 

, tons per 
sq. inch. 

Elonga- 

tion 

percent, 
on 2 Ins. 

lloduc- 
tlon 
of Area 
percent. 

Bril 

Herd’d. 

ueU 

Temp.d 

Izod 
Impact, 
ft. lbs. 

A 

O.H. OSOT., W.Q.700“C. 

80-0 

420 

27-0 

58-2 

811 

207 

38 37 

B 

A.H. 950'’C.,W.Q.650“C. 

27-2 

44-8 

27-0 

570 

269 

212 

10 14 

C 

O.H. iooo“c., w.Q.roo°c. 

20*0 

40-0 

30-0 

54-6 

228 

207 

1 1 


Patents* have been taken out by the Glockenstahlwerke, 
A.G. for steels containing 0'1/1"2 per cent, carbon, 8/25 per 
cent, chromium, 0’2/6'0 per cent, molybdenum and O-S/2‘0 
per cent, nickel. Up to 2-0 per cent, cobalt or I’O per cent, 
titanium or aluminium may also be added. It is claimed 
that the steels are highly resistant to chemical action, possess 
great strength and are capable of being hardened ; it is also 
noted that tlie addition of the nickel renders the alloy more 
ductile when hot. It will be equally obvious, from the 
data given in the previous pages, that the hardening capacity 

EngUak pttmt 236,401 (Jane 30th, 1924) ; D.8. patent 1,630,448 (May 6th, 

18W), 
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of the alloys will depend on their nickel and carbon contents 
and that these will need to be about the maximum values 
specified if any appreciable hardening capacity is to be 
expected from steels in which the chromium and molybdenum 
contents approach 25 and 6 per cent, respectively , • 

(G) Chromium-^Tungsten Steels. 

The effect of tungsten on tool steels is well known. 
Added to the extent of one or two per cent, to an ordinary 
carbon steel containing, e.g., one per cent, carbon, it improves 
the hardening capacity of the steel, raises somewhat the 
temperature required to harden it, and gives it a much finer 
fracture after similar conditions of heat treatment. One 



Fig. 147. Effect of tungsten on the hardening and tempering of 
12 per cent, chromium steel ; samples previously A.H, 1,000^ C., and then 
water quenched from the temi>e.ratures indicated : — 

Carbon Chromium Tungsten Nickel 

% % % % 

0-32 11-6 1*40 0*25 


might expect its effects on a hardenable stainless steel, for 
example, the ordinary “cutlery’* quality, to be on the 
same general lines. Actually, the addition of 1*4 per cent, 
tungsten to a “ cutlery ” quality stainless steel produced no 
noticeable effects on the steel’s hardening and tempering 
characteristics, as may be seen by comparing Fig. 147 with 
curve A in Fig. 18. When fully tempered, however, the 
tungsten steel is distinctly harder than the other. This 
hardening effect is also noticeable in the tests quoted in 
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Table LXIII relating to steels containing about one half per 
cent, tungsten ; the impact values of these steels are also 
particularly good. 


• Table LXIII. 

Effect of Tungsten on the Mechanical Properties of 12/14 per cent. 
Chromium Steel, 


Carbon 

% 

Chromium 

% 

Nickel 

Tungsten 

% 

0*80 

12-6 

0*44 

0*55 

0-20 

13-3 

0*58 

0-50 

0-25 

13*0 

0-62 

0-43 


Treatment. 


Yield Maxlnuim! 
I’oiut, Stress, | 
tons i»er tons per i 
sq. inch. sg. inch. ^ 


Kloiiga* Ilcduc* 
tion tion 
percent, of Area 
on 2 ins. percent. 


IJrliiell 

HardnesH No. 
Hard'd. | Temp’d. 



A.n.!)50“C. A.C.700'’C. 

40*0 

51*0 

23*0 

54*6 

460 

241 

48 

55 

50 

A.ii.nooX. a.c.tooT. 

43*0 

59*1 

21 *0 

48*0 

444 

286 |65 

65 

55 


40*3 

51*6 

24*5 

58*2 

387 

241 

61 

56 

60 


Tungsten, however, has no similar beneficial effect on the 
properties of low carbon, high chromium steels, nor would 
such an effect be expected from its known action on the 
stability of 7 -iron, to which reference was made on page 68. 
For example, the following results were obtained from a 
bar, one inch diameter, of steel containing 0-27 per cent, carbon 
17*8 per cent, chromium, 0*20 per cent, nickel and 1'08 per 
cent, tungsten, after air hardening from 950°C. followed by 
tempering at 700°C. 

Brinell before tempering ... 228 
„ after „ ... 207 

Izod Impact 15, 12, 12 ft. lbs. 

Fracture Crystalline. 

(H) Chromium-Cobalt Steels. 

The similarity which exists in some respects between 
cobalt and nickel might lead one to expect that the effect of 
the former metal on high chromium steel would be broadly 
the same as that of the latter. Actually, however, cobalt. 
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appears to influence the properties of such steels to a much 
less degree than nickel. For example. Fig. 148 shows the 
Brinell hardness numbers obtained on oil-quenched samples of 

700i 


600! 


d 

z 

cn 

ijSOOl 

z 

o 

cc 



200 ' 

700* 600“ OOO* 1000* 

TEMPERATURE. 

Fig. 148. Uolation between quenching temperature and hardness of 
steel containing : — 

Carbon Chromium Nickel Cobalt 

'/o 7o % 

0*43 0*30 2*45 

a steel containing about 9 per cent, chromium and 2 per cent, 
cobalt ; the curve is not noticeably different from that given 
by a steel of similar chromium content but free from cobalt. 
The difference between cobalt and nickel may be observed 
by comparing this curve with curve 5 in Fig. 81 (page 188). 

Possibly owing to its expense, cobalt does not appear to 
be used to any extent as a constituent of corrosion-resisting 
steels, except for one purpose. High carbon, cobalt- 
chromium steels have been used for valves for internal 
combustion engines and are claimed to be superior to 
chromium steels for this purpose, though there seems to be 
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some doubt as to whether the claim is justified.* A steel of 
this type, when hardened and then tempered at successively 
higher temperatures gave the hardness values indicated in 
Fig. 149. The steel appears to retain its hardness some- 
what better than a plain chromium steel after tempering at 
about 500®C. (c/. curve B, Fig. S3), but otherwise the curve 
is such as would be obtained from a steql free from cobalt 
but otherwise similar in analysis. It may be noted that the 
Ac.l point oecurred at 808°C., indicating that cobalt has 
little or no effect on the position of this change point. 



Fig. H9. Relation between hardness and Uiinpering tcmiKjrature of 
valve steel containing; — 

Carbon Chromium Cobalt 

0/ o/ o/ 

/o /o /o 

1-42 13-0 3-64 

(I) Free Cutting Stainless Steels. 

The advent of the automatic lathe and the demand for 
the rapid production of machine parts, for which accuracy 
of form was at least of equal importance to mechanical 
properties, led to the production of “free-cutting*’ steels,, 
which possessed the property of cutting cleanly and without 
tearing under machining conditions which w^ould produce a 

*See Valve Steele for Internal Combustion Engines.” L. Aitohison. 
Proc, IM* Auio. Ehjr., VoL XIV (1919), p. 31. 
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roughs tom surface on a piece of ordinary mild steel. The 
earlier free-cutting steels (and some at least of those of more 
recent manufacture) had rather low impact values^ but the 
technique of their production has progressed during the last 
few years so that in addition to having these desirable 
machining characteristics they may also possess very satis- 
factory mechanical properties (particularly with regard to 
toughness as measured by the Izod impact test) such as 
make them suitable, for example, for case-hardened articles 
subject to shocks. 

There are probably many engineering applications 
where a stainless steel possessing machining qualities of the 
“ free-cutting ” type would be valuable. The ordinary 
stainless irons, which possess suitable mechanical properties, 
do not always machine well ; they are liable to tear, for 
instance, in screw cutting. This is especially the case if they 
have been annealed so as to produce a very soft material ; 
they are much better when hardened and tempered. In 
many instances, the requisite machining ability may be 
secured by using a material with a rather higher carbon 
content, e.g., 0*15 or 0*2 per cent, in the hardened and 
tempered condition. Although somewhat harder than the 
stainless irons — it will have a tensile strength of about 45 tons 
per square inch — material so treated machines more cleanly 
than the very soft varieties. It should also be noted that the 
higher chromium irons, which do not harden appreciably 
when quenched from 950®C., or thereabouts, frequently 
machine distinctly better in this quenched condition than 
when annealed. At the same time, they are decidedly more 
brittle when so treated and unless accuracy of form is the 
only desideratum, they should be tempered after machining 
in this condition and before being put into service. 

Efforts have been made, however, in the United States 
to produce a free-cutting stainless iron similar to the ordinary 
free-cutting steel, so widely used for automatic machine work, 
as regards its machining qualities but possessing the desir- 
able property of resistance to corrosion, A prominent 
feature of the ordinary carbon steel product is its relatively 
high sulphur content — ^generally 0*1/0’15 per cent.— and 
experiments carried out by F. R. Palmer* showed that a 
^ siixiilar, or somewhat greater, sulphur content notably 

♦ Trans. December, 1928, p. 877. 
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improved the machining qualities of ordinary 14 per cent, 
chromium stainless iron. The presence of about 0*15 per 
cent, sulphur, however, introduced another difficulty, red- 
shortness, and it was deemed inadvisable to add manganese 
to counteract this — the method employed in all ordinary 
steels— as it was thought that the presence of this metal 
reduced the resistance of the iron to general corrosion, though 
the author is not aware of evidence on which such an 
opinion could be based. As an alternative, zirconium was 
tried and it is claimed that an addition of this metal as a 
sulphide, and to the extent of 0-4 per cent, of this compound, 
improves the machining qualities considerably and at the 
same time produces no ill effects on mechanical properties 
or resistance to corrosion. 

It may be mentioned that A. L. Field* investigated, in 
1924, the effect of zirconium on the hot rolling properties of 
ordinary steels containing 0*075/0*32 per cent, sulphur, and 
found that the zirconium reacted quantitatively with the 
sulphur in the steel to form zirconium sulphide (ZrSg), no 
excess of the reacting metal being necessary as is the case 
with manganese. Like manganese sulphide, zirconium 
sulphide is plastic at rolling temperatures and hence does 
not interfere with the hot working of the steel. It is visible 
in the microstructure as grey inclusions, elongated by the 
mechanical treatment received by the metal. 

Table LXIV. 


Mechanical Properties of Zirconium-Treated Stainless Iron, 
Sample (1) Stainless Iron 

„ (2) „ „ + 04 per cent. Zirconium Sulphide. 


TiiEATMErer. 

Hardened, then 

Sample 

Yield 

Point, 

1 ions per 
sq. inch. 

Maxi- 
mum 
StrcRs, 
ton? per 
inch. 

Elonga- 

tion 

per ceut. 
on 2 ins. 

Reduc- 
tion 
of area 
pcT cent. 

Brinell 

Hard- 

ness 

No. 

Izod 
Impact, 
ft. lbs. 

Tempered 700°F. 

(1) 

56*2 

694 

17-2 

55-2 

841 

36 


(2) 

57*2 

780 

13-7 

85*3 

848 

32 

1100"?. ... 

(1) 

444 

51-8 

! 22*1 

71*7 

228 

82 


(2) 

42*0 

50*5 

17*7 

52*4 

241 

42 

„ U25°F. ... 

1 

1 30*3 

39-8 

30*8 

1 73*2 

, 170 

96 


(2) 

29*0 

1 

1 39*1 

25*5 

59*3 

170 

1" 


* Trans, AJ^Min. itt Met. Bng., February, 1924 . 
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As regards the mechanical properties of the zirconium- 
treated stainless irons, the figures in Table LXIV relating to 
material containing about 14 per cent, chromium, are quoted 
from the paper by F. R. Palmer. The figures indicate that 
the zitconium-treated material is somewhat less twgh and 
ductile than the other, but the difference would not be of 
any serious moment for many purposes. 

This specially treated iron is a product of the United 
States ; so far as the author is aware, it has not been used 
in this country. 
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CHAPTER V 


INFLUENCE OF VARYING TREATMENT AND COMPOSITION 
ON THE RESISTANCE TO CORROSION OF STAINLESS STEELS 

The subject of the corrosion of iron and its alloys is 
extremely complex ; a great deal of experimental work 
has been carried out, there are numerous papers bearing on 
the subject to be found in scientific and technical literature 
and several the ries have been propounded to explain the 
experimental results, often of an apparently contradictory 
nature, which have been obtained by various workers. 
Until quite recently, the two most important theories with 
respect to the corrosion of iron were the ‘‘ acid ” and “ electro- 
chemical ” theories. The former theory regarded the presence 
of, at least a minute proportion of, some acid as necessary 
in order that corrosion could take place whereas the latter 
held that the small physical and chcrnic^al variations present 
in samples of even the purest metals obtainable set up electro- 
chemical eflects which would cause corrosion to take 
place in the absence of any free acids. ^?eithex theory 
satisfactorily explained all the phenomena of the corrosion 
of iron, however, and hence special theories have been 
developed during recent years to account for the observed 
results. Some of these theories depend on chemical 
attributes of iron which are not possessed by other metals 
and, as they obviously do not apply to these, they tend to 
complicate matters. 

Investigations carried out recently by U. R. Evans,* 
following on the work of Aston,! kave served, however, to 
reconcile some of the conflicting statements and evolve 
some order in the theories of corrosion. According to 

• Evane i J. Iriet, Metals^ VoL 30, p. 239. Traiw. Faraday Society, Vol. 18, 
p. 1 ; Vol. 19, pp. 201 and 789 ; JM.GJ., Vol. XLVI (1927), pp. 347, 363 ; Vol. 
XLVII (1928), pp. 65, 02, 73; J,C,S., 1927. p. 1020 ; 1929, pp. 92, 111, 2661 ; 
1930, p* 1361 ; and other papers. See also the book, “ The Corrosion of Metals,*’ 
by die same author. 

t Aston *. Trana. Amer, Electro-chem. SO 0 ., Vol. 29 (1916), p. 449. 

256 
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Evans, corrosion is electrochemical in character, but his 
theory differs from the older one in that he believes the 
potential differences set up in different parts of a sample, 
which cause the corrosion, are due not only to variations 
in the metal itself but also in the corroding fluid surrounding 
it. The effect of variations in the fluid may be illustrated 
by the action of the small amount of dissolved oxygen which 
is always present in ordinary water. If a sample of ordinarj’' 
steel sheet is immersed in a large tank of water, the amount 
of dissolved oxygen which the water contains will very 
probably soon vary from place to place in the tank, even 
though the water was well mixed at first. Evans’ 
work has shown conclusively that, in such a case, electro- 
chemical action is set up as a result of this difference in 
oxygen concentration and that when this happens, the 
part of the steel sheet in contact with the w^ater containing 
least oxygen in solution acts as the anode and is, therefore, 
attacked at a faster rate than the part bathed by the water 
with high oxygen content, which functions as cathode. 
This result is extremely important as it offers the first 
convincing explanation of the known fact that excessive 
corrosion is often produced at places where oxygen has the 
least access, such places, for example, as pits or grooves, 
or under dirt or debris, including products of corrosion, 
which may have settled on part of the surface of the metal. 
It may also be the cause of the tendency which stainless 
steel has been observed to possess of undergoing corrosion 
at the point where it is supported when immersed in some 
fluids. 

The author has no desire, however, to enter into 
a detailed discussion of the present state of the theories of 
corrosion ; it W'ould be outside the scope of this book.* 
Suffice it to say that though much headway has been made, 
notably as a result of the work of Evans, Friend, Bengough, 
Vernon and others, very much remains to be elucidated. 
Before considering the particular problem of the resistance 
to corrosion of stainless steel, it may be well, however, to 
consider briefly one or two fundamental facts with regard 
to the corrosion of iron. 

♦ To those interested, the author would especially recommend a study of 
** The Corrosion of Metals/* by U, R. Evans (Arnold. London, 2nd Edition, 1920). 
The experimental work of Dr. Friend, mainly published in the Journal of the Iron 
and 8Ud IneHtuU, should also be consulted. 
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Whether a sample of absolutely pure iron, which was 
physically uniform in every part, Would corrode if immersed 
in absolutely pure water may be a matter of doubt ; there 
can be no doubt, however, that the purest iron commercially 
available will corrode in ordinary distilled water or in ordinary 
drinking water. There is also no doubt that, on corrosion 
taking place, the iron goes into solution in the water and 
is subsequently precipitated from this solution as a hydroxide, 
either at or near the spot where it dissolved or after diffusing 
an appreciable distance through the water. Secondly, 
the less homogeneous, either physically or chemically or both, 
a sample of iron is, the greater, as a general rule, is its tendency 
to corrode. Thus the addition of carbon to iron produces 
a carbide which may exist as separate particles more or less 
unevenly distributed through the mass of the metal. This 
carbide of iron is electronegative to iron and hence tends to 
increase the rate of corrosion of the latter. A study of the 
microstrueture of ordinary steels shows that these, under 
different conditions of lieat treatment, may be either homo- 
geneous or heterogeneous and this to a var5dng degree. Their 
rate of corrosion under such differing conditions also varies. 

It is probable that the question of heterogeneity — either 
chemical or physical — is of even greater importance in 
corrosion resisting steels than in ordinary irons and steels. 
Normally, the latter corrode relatively rapidly in whatever 
structural condition they may be ; varying degrees of 
heterogeneity may therefore alter to some extent the rate at 
which they are attacked but will not determine whether 
corrosion occurs or not. On the other hand, the presence of 
heterogeneity in corrosion resisting steels may lead to them 
being attacked under conditions which they would resist 
completely if they were structurally homogeneous. The 
effects produced by heterogeneity are therefore likely to be 
more spectacular in the corrosion resisting steels than in the 
others. 

One may draw a comparison, in this respect, between 
the cast and forged (or rolled) conditions of a given corrosion 
resisting steel. It has already been pointed out that, owing 
to selective freezing, all types of these steels possess a certain 
degree of heterogeneity in the cast condition, and that 
this is reduced in amount during hot working operations. 
It is probable that the greater local differences in^composition 
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found in the cast condition, as compared with the hot worked 
form, of any stainless steel, are partly responsible for the 
uncloubtcjclly greater degree of resistance to corrosion possessed 
by the latter form. In this respect, some of the austenitic 
alloys Svould appear to have some advantage over the 
hardenable forms of stainless steel because, in the form 
of castings, they do not exhibit such, marked structural 
unevenness, after suitable heat treatment, as do the latter 
types of steel. 

Applying these two fundamental ideas to the special 
problem of stainless material, it is evident in the first place 
that the presence of suflicicnt chromium in solid solution in 
iron reduces the solubility of this metal in water practically to 
zero. It is not known why the addition of suitable amounts 
of chromium to iron should have this effc^et ; it seems probable 
however, that it is due largely to what is known as 
passivity.” It is common knowledge that iron or ordinary 
st(^el is readily attacked by nitric acid so long as the strength 
of the acid does not exceed that corresponding to a specific 
gravity of about 1*25. Soniewhat stronger acid than this, 
c.g., corresponding to a spi cilic gravity of 1-8 or 1*35, attacks 
these metals when they are first imiiuTsed in the acid, but 
after an interval, the rate of attack falls off mark(*dly and 
may cease altogether. Witli still stronger acid, c.g., the 
concentrated form as ordinarily sold and having a specific 
gravity of 1-42, no attack appears to take place at all, or as it 
is gciuTally said, in such an acid the metal becomes “ passive.” 
Iron which has been made passive by the action of strong 
nitric acid retains, for a longer or shorter period after being 
taken out of the acid, certain peculiarities in its behaviour 
to other reagents. Thus it is not immediately attacked by 
nitric acid of specific gravity l-2() nor will it precipitate 
• copper from solutions of some salts of this metal in the manner 
that iron docs normally. In other words, the passive iron 
has a greater resistance to the attack of certain chemicals 
than has the normal metal. Such a passive condition 
may be produced in iron by the action of other reagents, 
generally of an oxidising nature, or by electrochemical means. 
The passivity produced in iron by any such means is more 
or less transient ; although the passive metal resists • for 
a short period other reagents, which do not themselves 
produce pa’ssivity in the metal, such resistance is only 
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temporary and at the end of a longer or shorter time, the 
metal is attacked. 

Until recently, the cause of passiv ity was not definitely 
known, though it appeared to be extremely probable that 
the surface of a passive metal was covered with & layer, 
possibly only a few molecules thick, of an oxide of the metal, 
further action being prevented by this film. In 1927,* 
however, U. R. Evans set all doubts at rest by actually 
isolating the thin film of oxide from passive forms of pure 
iron and of mild steel. I lie showed that films are formed 
on the surfaces of these metals even on exposure to the 
atmosphere for a short time and that such films consist of 
ferric oxide and are not more than about 0 •000002 inches 
(0-00005 m.m.) thick. Being so thin and in optical contact 
with a highly reflecting metal surface, they arc not visible ; 
but they can be isolated by dissolving the metal from under- 
neath them and are then easily seen, handled and identified 
as iron oxide. If iron is heated, tJie thickness of the surface 
film increases ; when it reaches suitable values, it sets up 
interference effects between the light reflected from the 
front of the film and that from tin* metal underneath and 
thus gives rise to the well-known temper colours. Evans 
also found that the oxide layer produced on pure electrolytic 
iron offered a greater degree of protection to that metal than 
did the film produced under similar conditions on mild steel. 
It is very probable that tlic relative ineflicicncy of the latter 
film is due to the presence of carbide in the mild steel ; it 
seems likely that the carbide interferes wuth the continuity 
of the oxide layer and also, being electronegative to the 
ferrite, causes the latter to })c eleclrochemieally attacked, 
thus leading to the protective film being undermined. 

The metal chromium exhibits passivity effects in a 
much more pronounced manner than iron ; in the passive 
condition, it behaves in several respects like a ‘‘ noble ” 
metal. It seems probable that when chromium is added to 
iron, it increases the stability of the oxide film so that the 
latter gives much greater protection to the metal underneath ; 
in other words, it greatly inerreases the tendency to passivity 
already present in the iron. 

'♦ “ The Passivity of Metals,** Part I. May, 1927, p, 1020. 

t He has since isolated the hlms on stainless steels, see The Passivity of 
Metals,** Pt. III. J.C.S., November, 1929, p. 2651. 
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Evans also showed that although a certain degree of 
passivity was produced in electrolytic iron and mild steel by 
merely exposing their surfaces to the atmosphere for some 
time (he actually isolated the oxide films so produced) the 
effectiveness of the protccive film of oxide was much greater 
if it was produced under more strongly oxidising conditions, 

hy immersion in strong nitric acid or a solution of 
potassium chromate. If the resistance of high chromium 
steels to general corrosion is due to a similar film, produced 
practically instantaneously on a freshly prepared metallic 
surface by exposure to air, it is likely that a still more pro- 
tective film would be produced on the surface of these metals 
by exposing them to strongly oxidising conditions, e.g., to 
strong nitric acid. There is distinct evidence that this is 
the case. The ordinary “ cutlery ” type of stainless steel 
{0‘8 per cent, carbon, 12/li per cent, chromium) is attacked 
quite rapidly by dilute sulphuric acid ; placing a sample 
in a 10 or 20 per cent, solution of this acid leads to the 
immediate attack of the metal and the formation of bubbles 
of hydrogen. If, however, the sample be placed in strong 
nitric acid for some lime (this acid having apparently no 
action on the metal) and then, after tliorough wasliing, 
placed in the dilute sulphuric acid, the latter will have no 
immediate attack on the metal. Actually, in such a test, 
the sulphuric acid produced no visible effect on the steel for 
about six or seven minutes ; after this there was a slow 
action but the normal rate of attack was not reached until 
the sample had been immersed in the acid for about three 
hours. 

A still more striking result may be obtained with the 
austenitic chromium-nickel steels. ‘‘ Anka ” steel, for 
example, is normally very slowly attacked by 10 per cent. 

. sulphuric acid ; if, however, a piece of “ Anka ” be placed 
in nitric acid for some time, it may then be transferred to 
10 per cent, sulphuric acid and be kept therein for days 
without any action being produced. Fig. 150 illustrates 
this. It represents the appearance of two samples of “ Anka” 
steel after 8 days in 10 per cent, sulphuric acid ; sample A 
was polished and then placed immediately in the acid ; 
sample B M’as immersed for 18 hours in 80 per cent, nitric 
acid after polishing and before placing in the sulphuric acid. 
The production of marked passivity effects in this manner 
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needs to be kept well in mind by those carrying out corrosion 
tests on these steels.* 

When chromium is added in small quantities to steel, it 
appears at first to be entirely associated with the carbon in 
the latter. As more chromium is added, the demands of the 
carbon in this respect become satisfied and the balance of the 
chromium then goes into the solution in the iron. Obviousl 3 % 
therefore, in steel of any given chromium content, the amount 
of cliromium actually in solution in the iron itself will depend 
on the amount of carbon in the steel. 

The composition of the carbides in chromium steels lias 
been the subject of a number of researches and perfect 
agreement does not exist between the results obtained by 
different investigators. It is not certain whether the carbide 
has a constant composition, there being evidence to show that 
the ratio of iron, carbon and chromium in it may vary to 
some extent under different conditions of heat treatment. 
Some of the earlier determinations had refen nee to steels 
containing much larger amounts of carbon than are normally 
present in stainless steels and it is possible that the carbide 
in such steels may not be identical with that found in those 
of lower carbon content. The most recent determinations 
arc those by 13. Kallingf who states that the carbide in 
steels containing 13/30 per cent, cliromium has the same 
composition, this being approximately 5 *3/5 *4 per cent, 
carbon and about 63 per cent, chromium. On this basis, it 
may be taken that the ratio of chromium to carbon in t)ie 
carbide is about 12 to l.J 

The chromium which exists as discrete particles of 
carbide is obviously not useful in increasing the rcsistanct^ to 
corrosion of the ferrite in which it is embedded, though its 
presence may be necessary on the score of requisite mechanical 
properties. The added chromium only becomes of value 
in promoting corrosion resistance when it is actually dissolved 
in the iron. It is obvious, therefore, that the amount of 
carbon present in the steel has a very decided influence 
on the amount of chromium available for inducing resistance 
to corrosion in the iron and also that tlie physical condition of 

* Soo also page 313. 

•\JernJcont. Ann.y 1927, p. 609. 

* t Bain and Abom suggest that the chromium content of the carbide may 
much higher, between 75 and 90 ixjr cent.; in whitih case, the ratio of chromium 
to carbon in the carbide would be lietween 15 : 1 and 19 ; 1. . 
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the earbidc present in any one steel will affect the degree of 
resistance to corrosion of that steel. In this chapter it is 
intended to indicate firstly, how the degree of resistance 
in any one sample of stainhvss steel is affected by variations in 
tlie heat treatment to which it may be siibjec'tcd and, secondly, 
tlie general effect of alterations in composition on the 
resistance to corrosion of stainless steels. 

(i) EFFECTS OF HEAT TREATMENT ON 
RESISTANCE TO CORROSION. 

From the general principle that heterogeneity tends to 
increase the rate of attack of steel by different corroding 
media, we should expect io find, and actually do find, that the 
greatest resistance to corrosion of any one steel is obtained 
aftcT treating it in such a manner that it consists entirely of 
one const itu(*nt, while the least resistant form is obtained on 
ann(‘aliiig the ste(‘l so as to produce a complete separation of 
the carbide it contains. In the former case, all the chromium 
(as well as the carbon) is in solution in the iron and therefore 
the full effect of the whole of the chromium present is 
obtain(‘d ; in the latter ease, not only does the separation of 
carbide tend to decrc‘ase the resistance to corrosion owing to 
galvanic effects but, in addition, it lowers the concentration 
of the chromium in solution in the iron and impairs the 
continuity of the protective oxide skin which, it seems 
probable, forms on the surface of the steel. All these effects 
tend to make the steel less resistant to corrosion than when it 
contained the whole of its chromium in solution. 

The structural conditions produced by heat treatment 
operations in hardcnable and in austenitic steels being so 
radically different, it will be convenient to consider each 
group separately in an attempt to assess the influence of heat 
treatment operations on corrosion resistance. 

(a) Hardenable Steels. 

As the structural effects produced by different heat 
treatment operations are concerned largely with the mode 
of existence of the carbide in the steel, it is likely that the 
effects of these treatments on corrosion resistance will be 
greater the higher the carbon content of tlie steel. On the 
other hand, with equal amounts of carbon, an increase in 
chromium content is likely to reduce the effect of varying 
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treatment on corrosion resistance because the higher the 
total chromium content, the smaller the fraction of it which 
is affected, as regards mode of existence, by the solution or 
precipitation of a given amount of carbide in the steel. An 
ordinary cutlery ” quality stainless steel, containing about 
0-3 per cent, carbon and 12/14 per cent, chromium, may 
therefore be selected as being likely to show the effects 
of different heat treatment processes in a more marked 
manner than other stainless steels or irons containing 
more chromium or less carbon or both. The effects on 
such a steel will therefore be first noted and then the 
differences likely to be found in material of other 
compositions. 

Hardening. The greatest resistance to corrosion will 
be obtained b\^ quenching the steel from a temperature 
suifieiently high to dissolve all tlie carbide which it contains ; 
in the case of the ordinary “cutlery” type of steel, this 
temperature is about lOOO'^/lOoO'^C. In practice, however, 
it is found that quenching a steel of this tyj)e from a tem- 
perature of 900^/950°C. produces a material which is 
practically insoluble in water and certain other media, such 
as vinegar and fruit juices, and that increasing the hardening 
temperature beyond this range produces no marked improve- 
ment while, on the other iiand, it seriously inereast*s the risk 
of cracking during hardening. In the case of samples whicli 
have subsequently to be tempered almost completely there 
would appear to be no advantage whatever, from the point 
of view of resistance to corrosion, in raising the qui^nching 
temperature sufficiently high to take into solution th(‘ 
remnants of the carbide left undissolved at 90()/950'^C., 
because the whole of the dissolved carbide will be thrown 
out of solution again in the subsequent tempering operation.* 
In this case, the quenching temperature should be selected 
to give the best mechanical properties, in the mariner described 
in the previous chapters. 

The effect of raising the quenching temperature on the 
resistance to corrosion of quenched samples may, however, 
be illustrated by using steels with a lower chromium content 
than that present in stainless steels, the former being more 
susceptible than the latter to the influence of heat treatment. 

* The salt spray teste quoted on p. 266, suggest that quenching from a very 
high temperature may lessen the resistance of sul^equently tempered samples. 
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For exarnplfN samples of steel which had the following 
analysis : 

Carbon ... 0*53% 

Silicon ... 0-73% 

• Manganese ... 0*21% 

Chromium ... 8*00% 

and was, therefore, considerably outside the range of composi- 
tion generally used for stainless material, were quenched from 
the following temperalures : — 

* No. 1. 1 No. 2. No. 3. No. 4. No. 5. 


Temperature OSO'^C. 1,000° C., 1,050° C. 1,120° C. 1,200H^. 


After quenching, No. 1 contained a considerable amount of 
free carbide, No. 2 less, No. 3 only traces, whilst Nos. 4 and 5 
consisted entirely of martensite. The pieces were ground 
and polished, and then tested by placing a small drop of 
vinegar on each polished surface and allowing it to dry 
gradually.* Tlie dry residues from the drops were then 
washed off in water. Sample No. 1 was then found to be 
decidedly stained by this test, No. 2 less so, No. 3 only 
slightly, while Nos. 4 and 5 were uuattacked. This indicates 
very clearly that the resistance of the material to staining 
increases with the quenching temperature and with the 
progressive solution of the carbide which takes place as the 
temperature rises. 

Tempeuing, From the fact that no appreciable loss of 
hardness is produced on tempering hardened samples of 
stainless steed up to about 500°C., and that after such 
tempering the structure of a previously quenched sample is 
still martensitic, it would not be expected that such a tem- 
pering would have any great effect on the resistance to 
corrosion of the hardened material, nor has any such effect 
been found. This fact is of great importance commercially, 
as tempering in this May removes to a very great extent the 
internal strevsses set up during hardening and also improves 
considerably the ductility and toughness of the material, 
as w^as shoMm in the last chapter. 

• This spot test with vinegar is regularly used in testing material for cutlery. 
It is a more severe test than placing the sample for 12 or 24 hours in vinegar. 
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The sudden and marked fall in hardness which is produced 
as the tempering temperature rises from 500° to 600°C., is 
accompanied by a lessened resistance to corrosion of the 
material. Such softened material, for example, may stain 
when tested with vinegar as described earlier, but, even in 
this condition it is attacked extremely slowly. Whether it 
will actually stain or not with the vinegar test depends on 
the amount of caYbon and <*hromium it contains. As 
probably the greater part, if not all, of the carbide is thrown 
out of solution by tempering at 55()7^00"C. and the chief 
effect of tempering at higher temperatures than this consists 
in the coalescence of the small carbide partick^s already 
present into others largcT in size, it would not be expected that 
there would be any marked difference in the resistance to 
corrosion of samples tempered at COO^'C. and of those 
tempered at higher ieniperaturcs, e.g., 700°/750X. On 
theoretical grounds tlu re are probably two opposing effects 
prod\iccd by the higher tempering range : — 

(a) A further small precipitation of carbide resulting 
in a diminution of the (‘oiicentration of dissolved ehromium 
and hence tending to prodiuie a lessened reistance to 
attack. 

(h) The coalescence of the carbide particles causes 
a very decided decrease in the total surface area of the 
latter. It is reasonable to suppose that this diminution 
of surface will tend to reiluee any galvanic effect between 
the carbide and the ferrite and hence tend to increase the 
resistance to attack. 

It is quite possible that these opposing effects may have 
different relative values with different corroding mc‘dia. In 
almost all cases, however, it is found that resistance to 
corrosion reaches a minimum in material tempered at 
55()°/600°C., and that higher tempering temperatures than 
this give a greater surface stability. 

The effect may readily be shown by testing a sample of 
“ cutlery ” steel containing, preferably, rather less ehromium 
than usual. For example, samples of steel containing 
0-34! per cent, carbon and 11*6 per cent, chromium, which 
had been hardened and then tempered at various tempera- 
tures, were placed for 21 days in malt vinegar. At the end 
of that period, the pieces which had been tempered at 
temperatures up to 500 °C. show^ed no signs of attack. Those 
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ti-mpered at 550° and 600°C. had been slightly but distinctly 
attacked, producing an etched appearance on their polished 
surfaces. The losses in weight were 0-0026 and 0-0019 
grams per square cm. of surface respectively. The sample 
tempered at 700°C. was obviously less attacked ; the etching 
effect was less marked and the loss in weight was only one 
half to one-third of the preceding figures, viz., 0-0008 grams 
per square cm. -• 

A similar maximum rate of attack in samples tempered 
at 550^/600°C. is also generally noted when dilute solutions 
of organic and inorganic acids are the corroding reagents, 
as may be seen from the results quoted in Table LXV. 


Taiu.e LXV. 

Effi'ct (tf Tt‘)nperin<* on Rate of ^tcid Attack. 
(Hat(‘s of attack in grams )>er s(j. m. ])er hour.) 


Carbon % 


('hroiiuum % 


Xickel % 


()- 8 () 


12-6 


0*71) 


AcUl, 

5';^, Ac< tic Acid 
(’itric Acid 
lO^’o ^^>^nuc Acid 
i\/io Nitric Acid 

Phos])horic Acid 
5% S\d])huric Acid 
5% Tartaric Acid 


Tompenns Teinporature. 

600"C. I 


500‘’C. 

nil 
idl 
t-7l 
1 -20 
0*13 
20*4 
0 02 


550®C 

0-77 
0*95 
3*67 
t-23 
2*7 
38*5 
1 02 


Oil 
0 10 
0*99 
3*51 
8*06 
301 
0*17 


700“C. 

0*21 

014 

0-72 

2*47 

418 

26*9 

0*19 


Results of a similar nature are also obtained when other 
corroding agencies than dilute acids are employed. Thus 
in a comprehensive series of tests on the corrosive effect of 
salt water spray on various steels, Strauss and Talley *** 
found that the curves connecting tempering temperature and 
loss in weight, during tests lasting a month and in which 
the samples were actually subjected to the spray for 500 hours, 
showed a distinct maximum at about 600 °C. The curves in 
• Proe, A.S.T.M., Vol. 24, Pt. 2, 1924. 
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TEMPERATURE 

Fio. 151. Kffcct of tcm]K<rin" on resihtanoo to salt spray. Carbon 
0-37 iK)r cont. ; cliroininm 14*5 jK^r cont. ; luckc! nil. 

Sain]»l('s oil lianlonod and thou tc*m|)oiv<l at the teinjK'iatiires indicated. 
C!urve llardeniii" TemjK^raturo. 

A ... 025° C. 

R . . 104()M‘. 

C II,W(\ 



Fig. 152. Effect of on resistance to salt spray. Carlion 

0*8 jHjr cont. ; chrominiii 18*18 per cent. ; nickel 0*24 j)er cent. 

Samples oil hardened and then tempered at the temptiratures indicated. 
Curve Hardening Temperature, 

. A 925*^ C. 

B 1,040“ C. 

C 1,150“ C. 
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tempered at 550^^ and 600°C. had been slightly but distinctly 
attacked, producing an etched appearance on their polished 
surfaces. The losses in weight were 0-0026 and 0*0019 
grams per square cm. of surface respectively. The sample 
tempcre|l at TOO'^C. was obviously less attacked ; the etching 
effect was less marked and the loss in weight was only one 
half to one-third of the preceding figures, viz., 0*0008 grams 
per square cm. 

A similar maximum rate of attack in samples tempered 
at 550^/600"C. is also generally noted when dilute solutions 
of organic and inorganic acids arc the corroding reagents, 
as may be seen from the results quoted in Table I^XV. 

Taule LXV. 

Effect of Tetupcrlng on Rale of Acid Attack. 

(Ilates of attack in grains ])cr scj. m. ])er hour.) 

Carbon Chroiiiluin % Mokol "o 

om) 12-6 ()'70 


Ackl. 

Acetic Acid 
Citric Acid 
10 Formic Acid 
X/10 Nitric Acid 
' 25 % Pliosplioric Acid 
5% Sulphuric Acid 
5% Tartaric Acid 


Tonipennn Tomperatiire. 

oOOX'. 

550"C\ 

r>oo“C. 

700“C. 

nil 

0-77 

Oil 

0-21 

nil 

()'95 

OlO 

014 

FTl 

6-67 

009 

0-72 

1 *29 

P23 

a-51. 

2-47 

01 a 

2-7 

8 06 

4*18 

20-4 

as *5 

aoi 

26-9 

()()2 

1 

1 -02 

0t7 

010 

1 


Results of a similar nature arc also obtained when other 
corroding agencies than dilute acids are employed. Thus 
in a comprehensive series of tests on the corrosive effect of 
salt water spray on various steels, Strauss and Talley* 
found that the curves connecting tempering temperature and 
loss in weight, during tests lasting a month and in w^hich 
the samples were actually subjected to the spray for 500 hours, 
showed a distinct maximum at about 600°C. The curves in 
* Proc. Vol. 24, Pt. 2, 1924. 
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Carbon 


SaiR])los oil hai'cltincd and iht'ii U‘mp<*red at the tenijioratiires indicat^'d. 
( 'urve Hardenirnj; TomjK' vatu re. 

A 925'‘ (\ 

B . . 1040” i\ 

c .. 



Fig. ir)2. Effect of temjx^rinjj on rcsibtance to salt 8 p^a 3 ^ Carbon 
0*8 ]>er cent. ; chromiuni 18*10 jicr cent, ; nickel 0*24 jxiV cent. 

Samples oil hardened and then tempered at the temperatures indicated, 
(kirve Haidonin^; Temi)eraiure. 

. A 925” C. 

B 1,040” C. 

C 1,160° C. 
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Fig. 151 relate to a steel of typical “ cutlery ” composition 
and, besides exhibiting this characteristic, they suggest that 
a very high hardening temperature is not an advantage from 
a corrosion resistance point of view ; it is equally undesirable 
meehaiiically. Similar characteristics are visible in Fig. 152 
which is also interesting in that it shows, by comparison with 
Fig. 151, that any beneficial effect of an increase of about 
4 per cent, in the chromium content of the steel is 
more than balanced by raising the carbon from 0-37 to 
0'80 per cent. 

Complete immersion in sea water for 52 weeks produced 
losses in weight of a “ cutlery ’* quality steel as indicated by 
curve A in Fig. 158. In this case, there is again a well 
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delined maximum but at a rather lower temperature than 
in the salt spray tests quoted above. Curves B and C in 
this diagram show that the effects of different heat treatment 
conditions become much less if the chromium content be 
raised considerably, the carbon remaining about the same. 
The two steels referred to here gave losses of the same order 
of magnitude whether hardened, hardened and tempered,* or 
annealfxl. The same effect is shown in Fig. 154, reproduced 
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from the paper by Strauss and Talley and relating to salt 
spray tests carried out in the same manner as those recorded 
ill Figs. 151 and 152. 



Fig. 154. Kffect of boat troaimi^nt on it^Hisiance to salt spray 
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CJiirbon 
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Troatmont. 

A 

0-18 

15*84 

0*08 

W.H. 98lF 0., U^mperod as 
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Quonchod as iiidicatod. 
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0-34 

W.H. 980® 0., tenijiororl 
indicated. 
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From a consideration of all these diagrams, it would 
ppcnr that tempering in the rangti 55()'7(K)0°C. is less 
sirable, from a corrosion resistance point of view, than at 
ny other temperature but that the differences are not likely 

0 l>e very noticeable in stainless irons containing about 

1 i per cent, or more chromium or in steels with 0*2/0 -3 per 
*nt. carbon when the chromium is not less than about 

0 ])CT cent. Fortunately the range 550°/600'^C. is also the 
ast desirable from a mechanical point of view because, as 
IS already been mentioned, the hardness of the steel falls 
^ rapidly as the tempering temperatures rises from 
*50'^ to 600‘^C. that it is difficult to secure prescribed 
roperties by tempering in this range. 

It will be noted that Strauss and Talley obtained 
laximum rate of attack at 593®C. while in the author’s 
drves. Fig. 153, an equally well defined maximum is evident 

1 oSO'^C. An explanation can be found for this apparent 
iserepancy. The rapid fall in hardness referred to above 

tually commences at a temperature just below 550°C. 
he samples tempered by the American investigators at 538°C. 
(lOOO^F.) had not quite reached this critical temperature, 
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if one may judge from the Brinell hardness values 
quoted in their paper, and were therefore in the martensitic 
condition ; they W(‘ro comparable, in fact, with the samples 
tempered at 500^C. whose corrosion values are plotted in 
Fig. 15tT. On the other hand, the author’s samples tempered 
at 550®C. -see Fig. 153 — had reached this critical tempering 
range with a coii'-equent decomposition of the martensite to 
exceedingly fine sorbite. If, as seems probable, the greater 
susceptibility to attack found at either 550°C, or 593°C. is due 
to the precipitat(*d carbide being in an excessively fine state 
of division, it is likely that the maximum effect will be found 
near 550°C. rather than 600"’C. 

All the results plotted in Figs. 151 to 151 were 
obtained on separate pieces, each of which had been tempered 
uniformly ; the values obtained therefore represent what 
may be regarded as the intrinsic susceptibility of each state 
of tempering of a given steel. If, however, all these states 
occur in th<i same piece of steel —a condition of affairs which 
would be produced if a hardened piece were tempered locally 
at TOC^C, or thereabouts —the differences in rates of attack 
arc likely to be still greater, owing to electrochemical effects. 
There is evidence that this is the case, and actually the 
unavoidable production of this less resistant band in a 
hardened article which has been tempered locally is the 
most noticeable form of its occurrence in practice. The 
tempering of the whole of an article at 55()°/G00°C. is un- 
desirable on meelianical grounds and therefore likely to be 
an infrequent occurrence ; on the other hand, the production 
of articles which are hard in one part and soft in another is 
not by any means infrequent. It has given rise, for example, 
to considerable trouble in the cutlery trade. 

Tlic corroded bands on the knives in Fig. 155 may be 
.seen in the very early stages of development on stainless steel 
knives in many hotels and restaurants. Still more careful 
observation will reveal the fact that they arc not found on 
knives litted with ivory or celluloid handles but are almost 
exclusively confined to those to which metal handles have 
been brazed. This provides the explanation of their cause. 
During manufacture, the blade is hardened and tempered 
and afterwards the handle is litted. During the brazing 
operation, the tang and bolster of the knife are heated to 
some jtemperature above that at which the steel hardens, with 
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the result that the heat runs down past the bolster into the 
blade and at some spot, generally within an inch of the 
bolster, the material reaches a temperature between 500° and 
800°C. and hence produces a soft spot. The corroded band 
is formed close to the junction of this soft band and flie hard 
blade, i.e., the part wliieh was heated to 55()7000 'C. The 
existence of this soft band can often be detected on a still 
incorroded blade by the greater depth of the fine scratches, 
developed during use, wliieh cross it. 

Fig. 15G represents a series of bars wliieh were tested to 
prove the truth of this argumenf. They were air harden(‘d 
throughout and were then taper heated, th(‘ numbered ends 
of each bar being raised to a tcMuperatun^ of 950 'C., the other 
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W'orti then polished and immersed in a e<»Jd JU l>or cent, solution of sodium 
chloride for 20 week-s. (N.15 — Sarujjle. H.IG80 was ta,))er ln‘at-ed toT.'iO'f*. 
only.) 


ends being meanwhile* kept at atmospheric ternperatun', 
and the whole bar tluu again air cooled. The bars, aft(*r 
being ground and polis}u*d, were immersed in a eold per 
cciit. solution of salt for 20 weeks. A corroded band, the 
first signs of whieh were visible in a f(\v hours, was j)ro- 
dueed on each bar except the two containing 17/18 per cent. 
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is often carried out and many hundreds of rams, so treated, 
havf) been put into service. It should be reinenibered, 
however, that there is bound to be a band somewhere 
between the hardest and softest parts where, during temper- 
ing, the temperature attained was 5507()00°C., and this 
l>and has a lower resistance to corrosion than the material on 
either side of it. It may be that the lessoned resistance will 
not cause any trouirie, tliere is in fact ainple evidence that in 
many instances the resistance posscss(‘d by this band has 
been quite sutlicient for tlie particular (*orrosive conditions 
encountered ; but if it shoidd happen that corrosion o(‘curred 
at such a band, Fig. 156 indicates that the remedy is to use 
a steel of higher cliromiuni content, such as the 17/18 per 
cent, samples referred to in that diagram. It should not 
be inferred that varying heat treatment lias absoliitc^ly no 
effect on the corrosion resistance of even such high chromium 
steels as tlies(‘, but it is evident from Fig, 156 that whatever 
difh'renee may exist is not sulIU'ient to caus(‘ any attack oil 
the steel even under the very severe conditions referred to 
in this diagram. 

A means of determining the presence and location of such 
a soft blind is obviously of interest, particularly if it may b(‘ 
carried out without s(*riously damaging the article (joiiecrned. 
Exp(‘ric‘uce indicated tliat a one per cent, solution of ferric 
chloride, used as an etching reag(*ut, provided such a means. 
Fig. 151) represents a piece of stainless steel (eonUiiuiug 
about 0-3 per cent, carbon and 13 per cent, chromium) wiiich 
was iirsl hardened throughout, then locally luxated by an 
oxy-iieetylene torch, and afterwards polished and etched 
with the ferric chloride solution. The parts licaied by the 
torch to a temperature high enough to cause them to harden 
are only slightly attacked and hence appear light in the photo- 
graph ; those not heated above about 5()0"C\ behave in a 
similar maimer but where the temperature attained was just 
sultieicut to soften the previously hardened sheet, the etching 
action is more rapid, with the result tliat the surface appears 
relatively dark. Notice particularly where the long, heated 
band has softened the previously heated, shorter bands. 

A stainless steel knife blade, litted with a brazed-on 
handle, w^heii etched with the ferric chloride solution, gave the 
rcSult shown in Fig. 160, The small Brinell impressions visible 
on the blade reveal the relative softness of the darker band. 
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One other form of taper heating jnay be mentioned. 
In the experiments descril)ed in Figs. 15G atul 157, the bars 
contained all gradatirms in structure produced on the one 
hand by tempering a fully hardened sample at all tempera- 
tures uji to tlic Ac.l point and also those which occur as the 
temperature is further raised through the hardening range, 
until full hardness is attained. The tests on these bars 
showed the weakest spot to he where tempering commenced. 
What of the other progressive change through the hardening 
range ? Would any similar band of lower resistance bo 
found if only this range were present in a bar? Fig. 161 
shows that if a bar of “ cutlery ” quality steel be hardened 
and then tempered tliroughout at 700 C., or thereabouts, and 
afterwards one end raised to 950 ^C. and the whole air cooled, 
it will show a band of lower resistaiu^e at the poijit at which 
it commences to harden. In this eas(s however, the effect 
is very slow to develop (the corrosion ])and in Fig. 161 began 
to be visible after immersion in the salt water for rather more' 
than 2 weeks as against a few liours in 1,lu‘ ease of the bars in 
F'ig. 156), indicfiting that the differe nce in corrosion resistanct; 
is very slight. It may be noted that tests on small samples 
of the same st(‘el as that used for Fig. 161 showed tliat a 
Brinell hardness number of 302 (the hardness value at tlu‘ 
corroded band) was produ(‘e<i by air cooling from 
825X., a temperature somewhat higher than the Ac.l point 
of the material. 

The samj)le used for Fig. 161 repnvseiits the structural 
conditions wliieh wcmld bc^ produced adjacent to a weld in a 
previously softc-ned sheet of stainless steel. On mechanical 
grounds, it is of course highly undesirable that a w^eld should 
be left in this structural condition ; the hardened j)arts 
would be brittle, and toughness and ductility should be 
restored by tempering. Fig. 161 indicates that the temper- 
ing t)peration is desirable also on the grounds of resistance to 
corrosion, 

Anneai.inc. It has been showui that the microstructurc 
obtained on annealing the hardenable stainless steels at a 
temperature above the carbon change point but insulhciently 
high to dissolve all the carbide, is granular, being very similar 
to that obtained from the same steel after being hardened and 
then tempered at 700'^ to 75()°C., except that the carbule 
granules are fewer in number and larger in size. In this 
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condition, the material is much softer than when hardened 
and fully tempered and it is somewhat less resistant to 
corrosion than the latter form. 

The non-corrosive properties of materia^ annealed at 
a sufficiently high temperature to give a pearlitic structure 
are of comparatively little importance. The mechanical 
properties associated with such a structure being com- 
paratively poor, it is hardly probable that material would 
be consciously put into service in such a condition. On 
general theoretical grounds it would be expect (‘d that a 
given steel would have less resistance to corrosion in such 
a condition than after any other form of luat treatment, 
and experiments confirm this. 

As illustrating the difference between annealed and 
hardened and tempered material, the following results of 


vinegar tests 
analysis : 

may 

be of interest. 

Steels of the following 


Carbon 

Chromium 

A 


.. 0*31 

11-1 

B 


.. 0-32 

12*2 

C 


.. 0-33 

13-3 

J) 

•• 

.. 0-31 

14-4 

were tested, 

after 

heat treat lent 

in various ways, with 


vinegar, in the manner described on page 20 k After hardening 
from 900' to OoOX., all four steels were cpiite stainless. 
^Vhen fully tenij)ered at 750 J stained, li had a very 
slight stain but was in fact almost stainless, while f’ and I) 
wer(‘ (juife unstained. After annealing at 900 X"., yf. B and C 
were staijied by the vinegar while I) was practically stainless. 
Similar results Avere oldainid by annealing at 1,050' C. 

The etching effects of picric acid on samples for micro- 
scopical examination, wliieh Avere noted in Chapter II 
(page 49) liave also an interesting bearing on this point. In 
general, it is found that the ordinary alcoholic solution of 
this acid which is used for etching carbon steels, has no 
effect on a 12/14 per cent, chromium stainless steel when this 
is either hardened or hardened and tem])ered. Tlie same 
steel in the annealed condition, however, may as a rule be 
etched by this solution, though sorneAvhat slowly. 

It may be eoiicludcd. therefore, that these liardenable 
.'Stainless steels containing 12/14 per cent, chromium are 
somewhat less resistant to corrosion when annealed than 
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when hardened and then tempered in the range 600°/750°C. 
At the same time, Curve A in Fig. 153 indicates that the 
diffc^rences between these conditions are relatively small 
and that actually the least resistant form to the attack of 
salt water is produced by tempering the hardened steel 
xit 550X. 

The effect on corrosion resistance produced by annealing 
becomes less as the carbon content of tlie steel is reduced or 
the chromium content raised. As a result, the corrosion 
resistance of stainless irons containing more than about 
14 per cent, chromium is not noticeably affected by any 
form of heat treatment ; a similar remark applies to the 
“ Twoscore ” type of steel (containing 17/20 per cent, 
chromium and 0*1 ^0 *3 per cent, carbon) as is indicated by 
curves R and C in Fig. 153. 

(b) Austenitic Steels. 

When the austenitic chromium-nickel steels were first 
put on the n\arket in this and other countries, they were 
hailed as solving many of the problems which the chemical 
engineer had encountered when using the ])lain chromium 
steels and irons. They possessed an adequate resistance to 
a much wide r range of chemicals than did the other class and, 
moreover, their resistance was lield to be less affect (‘d by 
variations in lieiit treatment or by cold work. Iri addition, 
they possessed certain advantages from a constructional 
point of view ; owing to their complete freedom from air 
hardening effects and their retention of great ductility and 
toughness when made wry coarsely grained, they appeared 
to be ideal for wielding operations, and as a fact welds made 
in these steels arc remarkably tough and ductile. If judged 
solely on the score of mechanical properties, such welded 
joints would not require any subsequent heat treatment. 
As a consequence, many articles and parts of equipment for 
various chemical purposes were fabricated from these steels 
by welding and were put into ser\'icc w^ithout further treat- 
ment. Again, the belief that variations in heat treatment 
conditions produced little, if any, effect on the resistance of 
the steel to corrosive attack led to other parts of fabricated 
articles, such as screws, bolts and nuts, being manufactured 
from bars which had been deliberately rolled at temperature ' 
between l,0p0®C. and 800°C. (or even lower) in order to w^ork 
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form of the steel ; but the differences may not appear to 
be very great. For example, the curves in Fig. 165 refer to 
samples so treated after testing in dilute sulphuric and nitric 
acids. These results, however, give no real indication of 



Fia. 165. Carbon 0*11 (‘ont. ; chromium 14*1) i^>cr cent. ; nickel 
10*9 jicr cent. Effect of reheating for 30 minutcH to temiwralures imljeaU'd 
on rates of attack of ; — 

A. 10 i>or cent, suljihuric acid at 15” (a 

B. N/2 nitric acid, boiling. 

the damage done to the steel by reheating it in the range of 
temperature described. A better idea will be obtained if 
the surfaces of the corroded samples be closely examined ; 
that of the fully austenitic sample is quite smooth and firm ; 
the reheated samples, on the other hand, will be found to be 
rough and possibly loose. The contrast between the samples 
will be increased if they are locally distorted, c.g., by com- 
pressing ; the looseness of the reheated samples will be then 
much more apparent. The appearance of the microstructure 
in Fig, 166, taken from a section carefully cut tlirough a 
corroded surface, shows the reason for this ; the attack on 
the sample has proceeded via the grain boundaries to such 
an extent that the surface layers have become merely a 
collection of loose grains. The fact that an intergranular 
attack can penetrate almost completely through a sheet or 
plate without any very noticeable indication of damage being, 
produced on the metal surface, makes this form of corrosion 
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particularly dangerous in chemical equipment. An inter- 
granular attack can, of course, be readily shown by bending 
a sample thus attacked, but one docs not usually treat 
parts of equipment in this manner as a periodical inspection 
during their life. 

It seemed very desirable to have some statulardised 
means both of determining the susceptibility of various 
steels to this typc*of intergranular breakdown and of judging 
the relative effects of various forms of heat treatment in 
producing or eliminating it. The following method, worked 
out by one of the authors’ colleagues, Mr. H. Bull, has proved 
very useful in this respect. The steel to be tcstc^d is pre- 
pared in the form of strip (l" X is a convenient size) and 
pieces 3 inches long arc heat treated in various ways. They 
are then immersed in a 5 per cent, solution of ferric sulphate, 
containing also 0*1 per cent, sulphuric acid, in a flask fitted 
with a reflux condenser and the solution boiled for 2 A hours 
or longer. The coiToding fluid employed should have 
practically no action on the steel in the fully austenitic 
condition and only a slow a(‘tion on the incorrectly treated 
form ; if it had a rapid action, tlie selective intcTgramilar 
effect would probably be masked by a general attack. The 
solution chosen appears to have the necessary properties.* 
At the end of 24 hours or longer, the samples are removed 
from the flask, washed and dried and then dropped on to a 
hard wooden floor. A good sample rings like a bell, but if 
any intergranular attack has taken place, the sample loses 
its “ ring ” ; it sounds, in fact, just like a piece of lead. 

Confirmation of the presence or otherwise of intergranular 
attack may be obtained either by bending the strips or by 
examining microscopically sections cut from them. An 
example of the former method is illustrated in Fig. 167 and 
show's very plainly the disintegration produced in the spc(;i- 
mens reheated to 600°, 650° and 700°C. Fig. 168 indicates 
the condition at the surface as seen in a lightly etched cross 
section at a magnification of 100 diameters ; as in Fig. 166, 
the surface consists merely of a collection of looser grains. 

Fig. 167 is important in another respect. It indicates 

* A solution of 111 prams of copper sulphate crj’stals and 98 grams 
concentrated sulphuric acid (S.G., 1-84) m a litre of water also acts in a aimdar 
manner. It has a more drastic action than the feme sulphate solution. It should 
..(fce noted that samples free from carbide films remain quite sound after prolonged 
exposure to cither of these solutions. They may bo atti^ked to some extent but do 
not show any signs of intergranular weakness. 
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that although precipitation of carbide occurs over a tempera- 
ture range which extends from 900®C. down to at least 
^OO^'C., and possibly lower, the conditions which lead to 
intergranular attack are produced most easily between 
and 700^. Probably at lower temperatures the precipita- 
tion of carbide becomes very sluggish while at distinctly 
higher temperatures than TOO^^C., the tendency of the carbide 
to ball up and thus produce a discontinuous chain of particles, 
instead of a continuous film, at the grain boundary may 
largely account for the smaller damage produced at these 
temperatures. 

There is also another factor w'hich may exercise a con- 
siderable influence on the relative effect of carbide precipita- 
tion at 600°/700°C. and at higher temperatures. In the 
former range, diffusion in the solid steel takes place but 
slowly ; one may assume, therefore, that the carbide pre- 
cipitated round the grain boundaries is mainly formed, at least 
as regards its metallic constituents, from the steel in its 
immediate vicinity. It is known that this carbide consists 
largely of chromium carbide— if Kalling’s results on chromium 
steels arc assumed to be applic^ablc also to these chromium- 
nickel steels, the carbide will contain about 05 per ceni. 
chromium — hence its precipitation will lower considerably 
the chromium content of the metal immediately surrounding 
th(‘ carbide film. Owing to slowmess in dilfusion, the 
dcdiciency in chromium is not made good from areas further 
away and hence the metal bordering the carbide has its^ 
corrosion resistance lowered very markedly. It seems very 
probable that the lowered resistance of this band, coupled 
with electrochemical effects due to juxtaposition against a 
strongly electronegative carbide, accounts for the rapid 
attack which it suffers when exposed to many corrosive 
fluids and which is so marked a feature of Fig. 164.* 

On the other hand, metallic diffusion occurs much more 
rapidly at 800° or 900°C. ; hence at these temperatures, the 
chromium content of the impoverished areas immediately 
bordering the precipitated carbide particles is rapidly raised 
by diffusion from surrounding unaffected areas. Although 
steel treated at these temperatures may have its general 
resistance to corrosion lowered to some extent by the 

•A similar conoliisioa aa regards* tho effects of reheating to various 
iemperaturtvj has boon reached by Bain and Aborii. “Tho Nature of Nickol- 
Chromium Stainloss Steels.” A.S»S.T., Sept., 1930 (preprint). 
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precipitation of carbide thereby produced, it does not contain 
local areas whose stability against attack has been greatly 
reduced. 

It has been suggested that intergranular attack is 
produced by a few corrosive chemicals only ; this i^ not the 
author’s experience. In one of the first examples of its 
occurrence in practice, the affected part, a welded vessel, 
had been exposed 1:0 the attack of boiling water containing 
only traces of sulphuric and nitric acids. Two further 
instances may be mentioned. Fig. 169 represents the 
appearance of a pump shaft of steel containing 0-18 per cent, 
carbon, 17*7 per cent, chromium and 7-55 per cent, nickel 
after working in warm seawater for three months. Owing 
to a mistake at the engineering works where this shaft was 
prepared and used, it had been given the heat treatment 
operations (air-hardening from 950®C., followed by tempering 
at G50°C.), suitable for a hardcnable steel. The result on 
the austenitic steel was disastrous ; the separate cr 3 ^stals on 
the surface could be scraped off with the finger nail and, on 
attempting to bend the shaft at the corroded part, it broke 
sharply Avith a fracture which was very largely intergranular 
It was obvious that the corrosive effect had penetrated to 
the centre of the bar. 

The bolt in Fig. 170 was of “ Anka ” steel and, along with 
a number of others, had been machined from rolled bars 
which had not been subsequently heat treated. The bars, 
after rolling, were cooled on the mill floor and it is quite 
possible that a number of them may have been stacked 
together in a heap ; their rate of cooling was, at least, 
sufficiently slow to cause the production of carbide films 
round the austenite grains. Tlie bolts were used for holding 
together the sections of an Anka” tank containing a 5 per 
cent, solution of nitric acid for pickling purposes (sec page 493). 
Owing to the method of construction of the tank, the bolts 
were only exposed to the action of such small amounts of the 
acid as might be splashed on them during the removal of 
pickled articles from the tank or might leak through the 
joints of the latter. The tank was also near to another 
which contained hot, dilute sulphuric acid so that the bolts 
were probably subjected to fumes and splashes from this 
acid as well. After two years’ service, it was found necessary 
partially to dismantle the tank in order to remove it to a more 
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would appear to be to reduce the carbon content of the steel 
to such a low figure that no precipitation of carbide would 
occur at any temperature. It has been stated* that if the 
steel does not contain more than 0*07 per cent, carbon, no 
precipitation of carbide occurs on reheating to temperatures 
below 900°C., e.g., for welding operations, the inference 
being that this amount of carbon is soluble in the steel at all 
temperatures. Apart from the great difficulty, to say the 
least, of commercially producing material with so low a 
carbon content, the fact that the bolts illustrated in Fig. 170 
contained only 0*08 per cent, carbon suggests that 0*07 per 
cent, is considerably too high as a limiting value for the 
carbon content of material not subject to intergranular attack. 
It is, of course, highly probable that these austenitic chromium 
nickel steels will retain a small amount of carbon in solution 
even after reheating to 600°/700°C., the temperature range 
which appears to produce the intergranular films most 
readily, but it seems certain that the limiting value is con- 
siderably less than 0*07 per cent., probably about 0*03 per 
cent, is nearer the mark. 

More recently Dr. Strauss and his colleagues have pub- 
lished data! indicating that a lower carbon content than 
0-07 per cent, is necessary to prevent carbide precipitation. 
These investigators did not actually use a corrosion test, such 
as that described on page 279, as a means of determining the 
effects of composition and heat treatment ; in place of this 
they measured the potential of the samples, while immersed 
in normal sulphuric acid in an atmosphere of hydrogen, 
against an N/10 calomel electrode. Three steels containing 
respectively 0-04, 0'06 and 0*12 per cent, carbon (their 
chromium and nickel contents being 18-0/18-6 and 8-4/9*3 
per cent, respectively, were employed and samples of these 
were heated for ten minutes at 500°, 600°, 700°, 800°, 900° 
and 1,000°C. and then quenched in water. All the samples 
of the two lower carbon steels had the same potential, 
+ 0*84/0*86 volt on the hydrogen scale. The pieces of the 
highest carbon steel which had been heated at 500°, 900° 
and 1,000°C., had a similar value'. On the other hand, the 
potential of the samples of this steel which had been heated 

* British patent 305,654 (Deoember 24th, 1929). F. Krupp, A.G. 

t ** Die Carbidaussoheidung beim QlUhen Ton niohtrostendem unmagnetischem 
Ghromniokelstahl.** B. Strauss, H. Sohottky, and J. Hinntlber. Zeit f. Anorg. u, 
AUgem,-Chem,, Vol. 188 (1930), p. 309. 
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at 600° and 700°C. dropped to — 0*15 volt, while that treated 
at 800°C. had been slightly lowered, actually to + 0’8 volt. 
The experiment was then repeated on a further set of test 
pieces which had been held at their respective tempera- 
tures for 3 hours, instead of 10 minutes. The results obtained 
from the steels containing 0*04 and 0*12 per cent, carbon 
were similar to those given by the samples of these steels 
treated for the shdrter period. On the other hand, the steel 
containing 0*06 per cent, carbon, whose potential had been 
unaffected by 10 minutes' heating, now showed a decided 
drop at 600°C., a value of —“0*07 volt being obtained ; the 
sample treated at 700°C. was practically unaffected (+ 0*32 
volt). 

Still more recent work by E. C. Bain and R. IJ. Aborn* 
shows that the amount of carbon retained in solution in 
these steels at temperatures below 800°C. is not more than 
0*03 per cent. 

A second obvious method of attack would be to add to 
the steel other metals which would cither incr(‘ase the stability 
of the solution of the carbide in the austenite, and thus 
prevent, or retard, precipitation in the range 50()75>0()°C;, 
or else cause the precipitation of some carbide other than 
that of chromium and hence eliminate the impoverishment 
in chromium of the metal immediately surrounding the 
precipitated carbide. Claimsf have been made that the 
addition of 0*3/1 *5 per cent, tungsten to the steel prevents 
the latter being subject to intergranular attack. Similar 
claims on behalf of titanium (0*1 /2*0 per cent.)J and vanadium 
(0-3/2-0 per ccnt.)'| have also been made ; in this case 
the formation of a carbide other than that of chromium is 
alleged as the cause of the beneficial action of the added alloys. 
The minimum amount of titanium or vanadium required in 
the steel is regulated by its carbon content and is stated to 
be at least twice as great as tlie latter, Altliough the methods 
claimed in these patents are a step in the right direction, 
experiment shows quite clearly tliat the steels contaiinng 
these added metals are by no means entirely free from this 
troublesome defect. The precipitation of carbide is retarded, 
so that a longer exposure in the dangerous temperature range 

• Loc. cit. 

I British patent U10,964 (August 1st, 1929). W. U. llathc^ld and H, Git>en. 

{ British patent, Appl., 22875 (July 25th, 1929). F. Krupp, A.G. 
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is required in order to produce intergranular weakness, but 
the samples shown in Fig. 171 indicate that the lattei is not 
eliminated. The six specimens shown in the lower part of 
the photograph were from a cast containing 0-15 per cent, 
carbon, T8*l per cent, chromium, 9*3 per cent, nickel and 
0*74 per cent, tungsten and, after having been made com- 
pletely austenitic, they were reheated to the temperatures 
indicated for half-an-hour. They were’ then immersed in a 
boiling solution of copper sulphate containing some free 
sulphuric acid* for 3 days. At the end of this period they 
were tested for soundness by dropping on to a wooden floor, 
as described earlier ; the samples reheated to 600°, 650° and 
700°C. had lost their “ ring ” and, on being bent, developed 
the cracks shown in the photograph. As a confirmatory 
test, further samples were prepared from two other casts, 
each containing about 1 per cent, tungsten ; these, after 
being heat treated as described above, were left in the boiling 
acid copper sulphate solution for 24 hours only. Again, 
the samples treated at 600°/700°C. developed intergranular 
cracks, the appearance of the two speeinieiis in the middle 
of Fig. 171 (one specimen from each cast) being typical of 
all the pieces heated in this range. Finally, the two samples 
shown at the top of the photograph represent two different 
casts containing respectively 0*45 and 0*50 per cent, titanium 
(their carbon content being 0-14 per cent.). These pieces 
had been held at 7()0°C. for half-an-hour and tlien immersed 
in the boiling acid copper sulphate liquor for 24 hours. A 
precisely similar result was obtained from material contain- 
ing 0*77 per cent, vanadium. Although the titanium steels 
seem to be considerably better than the tungsten steels, they 
are not by an}^ means free from attack. In a recent paper, 
however, Houdremont'}’ claims that steel made in accordance 
with Messrs. Krupps’s second patent was quite free from 
intergranular attack after being held for 50/100 hours at 
600°/700‘^ C. and then immersed for 2,500 hours in the boiling 
copper sulphate-sulphuric acid reagent. 

It may be urged, on the one hand, tliat half-an-hour is a 
long time to reheat samples in the dangerous range, because 
in many fabrication processes the material need only be 
exposed to this range for a much shorter period than this 

* Soe footnote on page 279. 

t Kruppsche Monat^hefte, Nov., 193i». 
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and, on the other hand, that the acid solution of co[)per 
sulphate is an extremely corrosive test reagent which might 
conceivably produce intergranular breakdown in samples 
^hich would remain unaffected in practice under less severely 
corrosive conditions. With regard to the time element, 
it seems very desirable in laboratory tests to adopt, as a 
measure of safety, a time which is distinctly longer than 
appears to be necesisary for a welding operation. In many 
welded vessels, two or more welds meet at one place ; also, 
welds are not always perfect at the first attempt, occasion- 
ally porous areas require filling up. It must be remembered 
that the effects of tw o or more wielding operations at the same 
spot are additive as regards their production of carbide films. 
There is also a further point ; distortion is not unknown in 
welded vessels (the high eo-efiicient of expansion of the steel 
is largel}^ responsible) necessitating cold w^ork in order to 
restore the vessel to its desired shape. Elxperirnent shows 
that the tendency for intergranular attack to occur is greatly 
ntensified by cold w^ork ; for examph*, steel which was liable 
\o slight intergranular attack, owing to the presence of a 
small amount of carbide, wx)uld very probably be attaek(‘d 
much more rapidly if it w^re cold worked. Pilling,* for 
example, show'od that even a 5 per cent, reduction ljy cold 
rolling had a very marked effect in this direction. From 
considerations of this nature, it appears to the author that 
a reasonable test for determining the susceptibility or otluT- 
wise of steel to develop intergranular weakness during 
wielding operations consists in reheating it for half an hour 
to 600°/700'^ C., after suitable softening, and then immersing 
in the boiling copper sulphate-sulphuric acid reagent for 
72 hours. As a matter of interest, however further tests 
were carried out on the tungsten steels by reheating 
strips I inch thick in a bath of molten tin ; the 
latter was brought to the required temperature (650'V. in 
this case) and the samples then immersed in it for definite 
times. This method of treatment w'as used in order that the 
periods during which the several samples were exposed at 
650X. might be known wdth fair accuracy ; the rate of 
heating in such a bath is extremely rapid, the strips would 
certainly reach the temperature of the bath in less 

• 

* “Some Effects of Xicla'I Content on JnMi-Chi-omium-Nickcl Aikn-s.” 
N. B. Pillmg, A.S.T.M., June, 1930. 
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than 15 seconds. Samples of ordinary chromium -nickel 
austenitic steels and of the three steels containing 0*7/1 *0 
per cent, tungsten referred to on page 28G were immersed 
for 2, 4, 8 and 16 minutes in the molten tin bath at 650°C. and 
were subsequently tested in the boiling acid copper sulphate 
solution for 70 hours. All the samples of the plain chromium- 
nickel steel broke down under this test. All the samples of 
tlie tungsten-bearing steels which had been immersed in the 
tin bath for 4 minutes or more also broke down. Of the 
tungsten-bearing samples which had been immersed in the 
bath for 2 minutes only, one also broke down after 70 hours’ 
boiling, a second was still sound at the end of this period, but 
developed cracks after being immersed in the boiling copper 
sulphate solution for a fiirtlicr 13 days, while the third was 
still sound after this farther corrosive treatment. 

As regards the severity of the corrosive medium em- 
ployed, it seems advisable to use as severe a test as possible 
for short time laboratory tests, because all the evidence at 
hand suggests that although less severely corrosive conditions, 
occurring for example in practice, may retjuirc a longer time 
to produce intergranular cracks in (‘arbidc-containing material, 
they will ultimately produce the same result as the more 
corrosive laboratory test reagents. It is desirable, there- 
fore, to make laboratory tests as severe as possible in the 
interests of the chemical engiiieer or other user. 

Recent work by N. H. Pilling* indicates that the 
susceptibility of the chromium-nickel steels to intergranular 
attack decreases as their nickel content is raised. Pilling's 
tests referred to material containing 18 per cent, chromium 
and this was found to be more stable against this type of 
attack when containing about 15 per cent, nickel than when 
the content of the latter was only ybout 8 per cent. It 
may be noted, however, that the high nickel alloys which 
gave the best results in his tests also contained 1’2/1*4 per 
cent, silicon, the possible effects of which Pilling appears to 
have ignored. 

While these pages were in the press, particulars of a 
further patent, designed to overcome intergranular weakness, 
have become available. Thisf calls for the addition of 

* Loc, cit. 

t British patent 348686, May 4th, 193J. App]. Nov. 2ncl, 1929. F. Atkinson 
and T. Hagon. 
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silicon, the amount specified being 0-5/6-0 per cent., together 
with certain heat treatment conditions designed to precipitate 
carbide deliberately in a form, consisting of evenly dis- 
"tributed, rounded particles, which produces no intergranular 
weakness. Other metals, e.g. copper, molybdenum, tifngsten, 
titanium or vanadium, may be present if desired but arc not 
essential. Tests on steels, produced in accordance with this 
patent, showed that*after being held for an hour at 600 "7700 ‘'C. 
or for that matter at any temperature below that necessary 
for producing a completely austenitic structure, they re- 
mained perfectly free from intergranular attack after 
immersion for ten days in the boiling acid copper 
sulphate liquor. This is a notable improvement on 
the results of the tests illustrated in Fig. 171 and it 
indicates clearly that welded articles of such a steel could 
be used perfectly satisfactorily without subsequent heat 
treatment. 

It is unfortunate that the early belief in the fool-proof 
properties of the austenitic chromium-nickel steels, and the 
simplicity and constancy of their structure, has proved to 
be untrue ; in some respects, the behaviour of these steels is 
the reverse of simple. Meanwhile, the wise course is to 
ensure the absence of intergranular weakness by heat treating 
as a final process, equipment made from all austenitic steels 
except those shown, by stringent laboratory tests, to be 
reasonably free from intergranular weakness. It may be safe 
to use a welded vessel of, or equipment fabricated by boiler- 
maker’s methods from, such steels, for example, as those* 
illustrated in Fig. 171, without any subsequent heat treat- 
ment. Where all the operations, at every stage, are 
under the observation and control of one who is well-versed 
in the peculiarities of the material and, in particular, 
is well aware of the maximum time it may be exposed 
to 6()0'"/700° C. without deterioration taking place, it 
is possible that success may be achieved ; but with the 
evidence of Fig. 171 and of tlie tests regarding time 
necessary to produ(!e dangerous intergranular weakness 
before him, the author, if he were a chemical engineer, 
would be very chary about using untreated v<‘sscls of 
such steels. For parts of large scale plant, he would 
cdttainly take the safe course and insist on a final heat 
treatment. 
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(c) Cold Work. 

Although cold work is possibly not strictly a con- 
dition of heat treatment, it may be convenient to consider, 
here its effects on the corrosion resistance of stainless 
material. Most metals, when distorted by cold work, 
have a greater tendency to corrode than they have in 
the normal condition. Stainless steels are no exception to 
this ; the ordinary 12/14 per cent, chromium steel, for 
example, when severely distorted, rusts comparatively 
readily, thus a coil of severely cold drawn wire of this material 
will rust into a solid mass if left exposed to the atmosphere 
for a few months. The comparative resistance of distorted 
and undistorted material may be shown, for example, by 
placing half of a broken tensile test piece of similar steel 
(which had been polislied all over before breaking) in a 
solution of common salt ; corrosion will commence at the 
distorted end. The effects of cold work in accelerating 
corrosion arc also shown rather strikingly in Fig. 172. The 
sample represented here, a piece of 12/14 per cent, ehromium 
steel, hardened and temi)ered, had been cold stamped on one 
side with the figures 0 and 1. The* stamp marks were after- 
wards just ground out, the surface ])olished on fine emery 
paper and the sample placed in live i)er cent, sulphuric acid 
for about eight hours. The distorted areas immediately 
under the original stamp marks had not been completely 
removed during the subsequent grinding and polishing 
operations and these were attacked more rapidly than the 
undistorted metal, witli the result shown in the photograph. 

Evans* considers that the residual stresses left in 
distorted metal also play an important part in promoting 
corrosion in that they keep cracking or distending the 
invisible protective film of oxide which forms on the surface 
of the steel and hence rcdiict* its power of protecting the 
steel from attack. 

Whether corrosion will or will not take place under stated 
conditions in a sample which has undergone a small amount 
of distortion, depends on the composition of the steel and can 
only be settled by actual experiment, but the lessened 
resistance is always produced, just as it is by tempering 
a hardened sample. It is for this reason that a polished 
surface on stainless steel is more resistant than a roughly 

, * J,C.8,, January, 1929, p. 98. 
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machined surface ; . the effect is due, however, not to the 
presence of polish on the former but to the absence of the 
distorted skin which is produced by the rough machining. 
* There is also an indirect advantage in a polished surface ; 
being smooth, it offers less opportunity for tfie lodg- 
ment of dust than a rough surface and, therefore; less 
chance of local pitting due to galvanic effects which are 
liable to be produced sometimes by dust. 

In order to give some idea of the amoutit of distortion 
which may be produced by rough machining, Figs. 173 and 174 
are of interest. The former shows the appearance of a planed 
surface of steel at a magnification of 12 diameters and one 
can see very distinctly the small cracks, perpendicular to the 
path of the tool, which are formed as the chips break off. 
It may be mentioned that the surface shown in Fig. 173 was 
not by any means very roughly machined, the actual feed of 
the tool being only inch wide. 

The planings or turnings from such a surface arc, of 
course, very badly distorted, but the surface which remains 
is also distorted and probably cracked for an appreciable 
thickness, as indicated in Fig. 174, which shows a section 
perpendicular to a machined surface. It will be seen that 
the surface is severely distorted in this case for a depth of 
about a hundredth of an inch. Such an effect is typical 
of what happens to a varying degree with all rough machining. 
In order that such a surface as that shown in Fig. 173 could 
be polished satisfactorily it would have to be finely machined 
and ground, and both these operations produce surfaces 
which are very much less distorted than those produced by 
rough machining. 

The effects of cold work in lowering resistance to corrosion 
are likely to be greater, other conditions being equal, when a 
sample is deformed locally than if the cold working effects 
are relatively uniform, as occurs for example in the production 
of wire or cold rolled strip. The undistorted parts of samples, 
locally deformed, become electronegative to the d storted 
areas and hence tend to set up corrosion in the latter, thus 
increasing their tendency to corrode. 

When considering the effects of cold work on the resistance 
to corrosion of stainless steels as a whole, the influence of 
composition must be taken into account. It seems obvious 
that the greater the intrinsic resistance of an alloy to corrosive 



292 


STAINLESS IRON AND STEEL 


attack^ the less likelihood is there of it being attacked, under 
given conditions, after receiving a stated amount of deforma- 
tion. In the case of the 12/14 per cent, chromium irons and ^ 
steels, the effects of cold work have always to be kept in 
mind anS manufacturing conditions arranged so as to avoid, 
as far as possible, leaving the finished article in a severely 
distorted condition. The more resistant, alloys, e.g., those 
with higher chromium content or the austenitic alloys of the 
Anka-Staybrite-V.2.A.” type, may be treated with more 



PER CENT H^SO^. 

• Fig. 175. Effect of cold work on the raU^ of attack of sulphuric* acid on 
** Anka ” steel. The samples useci for curves B and D hod been previously 
compressed 20 jwr cent, of thoir length. 

Curvw A and B Tests at 15° C. 

„ C and I) „ 40° 0. 

freedom. For example, the latter type of alloy has been 
successfully used in the form of wire or cold rolled strip for 
parts of seaplanes where the severely corrosive attack of seij- 
water is encountered. The fact, however, that the surface 
stability of oven these resisi.aiit alloys is lowered by cold 
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work should be borne in niind, particularly in regard to 
chemical engineering applications where extremely corrosive 
conditions may be expected. The data plotted in Fig. 175 
refer to the action of sulphuric acid and indicate the lowered 
resistance produced by compressing samples 20 pej cent, of 
their length. Results of a similar nature are likely to be 
obtained with other corrosive fluids and other types of 
corrosion-resistant; alloys. 

Data indicating the effects of polished and distorted 
surfaces were obtained by Bannister and Evans* who used a 
very ingenious method for measuring the potential of metals 
against a calomel electrode, a dilute solution of potassium 
chloride being used as electrolyte. They showed that the 
value obtained for “ Staybrite ” (IK per cent, chromium, 
8 per cent, nickel) varied considerably with the manner in 
which the surface of the tested sample had been prepared. 
When the latter was wire brushed, the potential (hydrogen 
scale) was — 0*023 volts ; after carefully polishing with 
No. 1 French emery paper, a value of + 0*128 volts was 
obtained, while a highly polished sample gave the very high 
value of 0*510 volts. These values may be regarded as 
indicating, in a qualitative fashion, the protective value of 
the invisible oxide film on the metal surface and hence, while 
not giving any measure of the velocity of corrosion of the 
several samples when chemically attacked, may be looked 
upon as reflecting their “ liability to corrosion ” when 
exposed to severely corrosive agencies, 

(2) EFFECTS PRODUCED BY VARIATIONS IN 
COMPOSITION. 

Stainless steels are rapidly becoming complex materials 
containing many different metals, each of which presumably 
contributes in some way to the special properties possessed 
by the steels containing them. It cannot be said that it is 
possible* to indicate the quantitative effect of each different 
metal, contained in a particular steel, on the resistance of the 
latter to various corrosive agencies — one can only indicate 
these effects broadly— but it may be useful if a brief summary 
is given of the tendency which each metal appears to exert 
on the response of the steel to different forms of corrosive 
attack. Further details as to the influence of some of the 
♦ “ The Passivity of Metals.” Part V. J.C.S,, Jane, 1930, p. 1361. 
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metals will be found in the next chapter, in which the action 
of specific chemicals is considered. 

(a) Chromium. From the point of view of 
resistance to atmospheric attack and to other similar corrosive, 
agencies .where the main factors are moisture and the oxygen 
of the air, chromium is undoubtedly the most important 
constituent of the steel. The higher the chromium content, 
other things being equal, the greater 'the resistance to 
corrosion. 

Chromium, however, may exist in steel in two forms : - 

(a) in solution in the steel ; and 

(h) combined with carbon as carbide. 

It is only valuable for promoting resistance to corrosion 
when in solution ; existing as separate particles of carbide, 
disseminated through the steel, it is so much waste material 
for this purpose though its presence in this condition may 
b(‘, and often is, necessary on the ground of desired 
mechanical properties. 

One cannot always, however, determine the composition 
of a steel solely on corrosion resistance grounds ; very often 
mechanical properties are of almost equal importance, and 
these have been shown to be greatly affected by variations 
in chromium content. Economic considerations also play 
their part as the cost of the steels, especially if of low carbon 
content, increases considerably as the amount of chromium 
they contain is raised. Hence it happens that the selection 
of the most suitable analysis for specific purposes will often 
be in the nature of a compromise and that the chromium 
content securing the best combination of physical and non- 
corrosive requirements may, and probably will, vary in 
different cases. This may be illustrated by considering two 
extreme cases. In the use of stainless steel for cutlery 
purposes, it is essential that the material shall be 
capable of hardening to a sufficient extent to function as 
a useful knife. However resistant to corrosion a khife may 
be, its use is obviously limited if its cutting powers are no 
greater than those of a butter knife or a silver fruit knife. 
It should also possess, when in a suitably hardened con- 
dition, sufficient surface stability to resist successfully 
the attack of such media as it is likely to come in 
contact with in the course of its every-day use, but, on 
the other hand, there is no necessity for it to possess such 
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extreme resistance to corrosion as Avonld be required to 
withstand such conditions as, for example, the eleotro- 
(‘hernieal action liable to be set up by contact with copper 
.alloys or graphite wliilc immersed in an electrolyte such as 
brine. For such cutlery purposes a chromium egntent of 
about 12 per cent. gi\es ample resistance to corrosion and 
enables the cutler to pnxluee a knife of suflicient hardness 
to be worthy of Uie name. 

Increasing the chromium to 14. or 15 per cent, 
undoubtedly gives greater resistance to general corrosion, 
but to what purpose ? If, as is definitely the ease, material 
with about 12 per c(‘nt. has ample resistance for all cutlery 
requirements, why give it more, especially as by so doing 
the capacity of the steel for hardening becomes less and, in 
addition, distinctly higher quenching temperatures, with 
their attendant diHicultics of increased scaling, greater 
liability of cracking and coarser structure in the hardened 
knife, are required to produce the maximum hardness the 
material is eapabh' of giving ? 

Actually cutlery, which will have adequate resistance 
to corrosion to function as truly stainless ” cutlery, can 
be manufactured from material containing considerably less 
than 12 per cent, chromium, while, at the same time, the 
knives made from such material ])ossess a hardness and 
“ springiness ” superior to that of knives containing 12 per 
cent, or so of chromium and practically ccjual to that which 
one associates with blades manufactured from iirst-class 
sh(»ar steel. The author has liad a table-knife made froni 
material containing 8'C per cent, chromium in daily use for 
th(‘ past six years. It has never been repolished and is still 
in perfect condition, while it possesses a springiness ” 
which would be a revelation to those accustomed to the 
very high chromium article. Such lower chromium 
material probably requires mon; car(‘ on the part of 
the cutler in producing a stainless knif(‘. Thus, in 
order that it may be truly stainless, it will need to be hardened 
from a higher temperature than that reipiired for the steel 
containing about 12 per cent, of chromium* and it is more 
likely to siiffer through careless grinding. Probably, there- 
fore, the cutler will prefer to use the higher chromium 

* * Compare the tests reported on page 20+ on a sUh*! of similar ehromiiim, 

though rather higher earbon, content. 
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material containing about 12 per cent, or so of that element ; 
certainly this material is, from his point of view, more 
“ fool-proof ” than the other. Such a consideration, both 
as regards manufacture of the steel and of the knife, may, 
be the ijnderlying idea in the suggested use of steels con- 
taining 14 or 15 per cent, chromium. 

At the other extreme, one may consider the case of 
material to be used for ornamental work or for articles 
which require no great mechanical strength in the material 
from which they are made, but which should possess, in as 
great a degree as possible, resistance to general corrosion. 
As such articles have frequently to be machined, pressed, or 
otherwise cold-w^orkcd in tlie course of their manufacture, 
it is desirable that this exceptionally good resistance to 
corrosion should be possessed by the material when it is in 
its softest condition. For such purposes, as high a chromium 
content as economic conditions wdll allow is desirable in the 
material. 

Experiment has shown that for many purposes involving 
resistance to general corrosion or to the attack of foods and 
condiments, a chromium content of 12/14 per cent, (com- 
bined, in the straight chromium steels, with not more than 
about 0*4 per cent. carl)on) is adequate. Material of this 
type has also the great merit of responding extremely well 
to heat treatment. Special purposes involving resistance 
to particularly s(‘vere corrosive conditions may, however, 
call for higher chromium contents than this. Thus a 
minimum of about 15 per cent, (in actual solution in the 
steel) seems desirable for adequate resistance to nitric acid 
while a still higher percentage (17/20) is necessary in harden- 
able material to secure reasonable immunity from electro- 
chemical effects due to contact with copper alloys while 
immersed in saline w^ater. A similar content seems desirable 
when resistance to sea water spray is necessary. Further 
consideration will be given to all these particular problems 
in the next chapter, but it may be mentioned that a high 
nickel content is also helpful in the two last cases, but appears 
to have no value wdth nitric acid. 

As regards the attack of chemicals, it is not easy to 
generalise. It has been said that chromium confers resist- 
ance to such chemicals as are of an oxidising nature and there 
is some truth in the remark ; for example, chromium is 
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undoubtedly the main factor in conferring on stainless steels 
the property of resistance to the attack of nitric acid. On 
the other hand, acids such as acetic and citric are by no means 
.oxidising acids, but the presence of 12 per cent, or more 
chromium in steel reduces very considerably the rate at 
which it is attacked by these acids, although it 5oes not 
confer complete immunity from their action. 

The attack of .acids such as sulphuric and hydrochloric, 
whose action on ordinary steel gives rise to copious evolution 
of hydrogen, is in general not retarded by chromium ; on 
the contrary, it is often accelerated. The plain chromium 
steels are generally of no value in connection with such acids. 

(b) Carbon. On corrosion resistance grounds, 
carbon is not useful ; the less of it there is in the steel, the 
better. When existing in solution in the latter, it appears 
to confer no benefit as regards anti-corrosive properties, 
while if present as separate particles of carbide it is definitely 
harmful, and for at least two reasons : - 

(a) the carbide particles contain about twelve times as 
much chromium as carbon ; the presence of this 
chromium in the carbide (wlicre it is of no value from a 
corrosion resistance point of view) lessons the amount in 
solution in the steel and hence lowers the latter’s intrinsic 
resistance to corrosion. 

(b) the carbide particles are electronegative to the 
steel and may tend to s<*t up corrosion by electro- 
chemical action. 

The ill effects which free carbide may exert on the 
corrosion resistance of hardenable steels may be illustrated 
by noting the behaviour of a 12 per cent chromium steel 
containing considerably more carbon than usual, e.g., 1 per 
cent, or thereabouts. Such a steel contains large amounts 
of free carbide even after quenching from high tempera- 
tures and, when tested with vinegar, is likely to stain. Fig. 
176 represents part of the attacked surface of a sample con- 
taining 11*8 per cent, chromium and 1*0 per cent, carbon ; 
the sample had been quenched from 1, 100*^0. and tested 
with vinegar in the manner described earlier. It will be 
seen that the dark, deeply corroded areas lie in close proximity 
to the large particles of free carbide which are visible in the 
.section. A certain amount of carbon is, of course, 
necessary in hardenable steels to secure desired mechanical 
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properties. The latter, however, are also influenced by heat 
treatment conditions ; hence it should be a rule that as low 
a carbon content should be selected as will give these desired 
properties. For example, assuming 12/14 per cent, chromiun^ 
steels are in question, a tensile strength of about 40 tons per 
square inch may be obtained from stainless iron (carbon 
about 0-1 per cent.) by suitable hardening and tempering, or 
from steel of about 0-3 per cent, carbon by annealing. There 
is no question that from every point of view, the former 
material is superior to the latter. 

In the case of austenitic stc^els, carbon is generally of 
no advantage from a mechanical point of view and hence 
should be as low as possible ; its ill effects when existing as 
free carbide have already been described. An exception 
may be made in the ease of those steels which arc used for 
heat resisting purposes and which urc required to possess 
considerable strength as wc‘ll as resistance to oxidation at 
high temperatures ; a moderate amount of carbon seems 
beneficial for the former property. 

(c) Nickel. The resistance of mild steel to atmos- 
plieric attack is increased considerably by the addition of a 
large amount of nickel, e.g. 25 per cent, or more ; such 
high nickel steels had at one time a eonsiderabl(‘ vogue 
as eorrositm resisting metals although they are not by any 
means entirely non-corrosive, as anyone may see who 
immerses a bar of such material in salt water for a few hours. 
Actually they are inferior in this respect to the ordinary 
12 per cent, chromium stainless steel. 

The small amounts of nickel up to 2 or 3 per cent. — 
found in the ordinary liardenahle staiiiless steels and irons or 
in the special Twoscore ” steels have no appreciable in- 
fluence on the resistance of these steels tt) corrosion. This 
may be observed in some comparative tests made on two 


steels containing : — 

A 

B 

Carbon 

0-39 % 

.. 0-89 % 

Silicon 

0-08 % 

.. 0-12 % 

Manganese 

(>•10 % 

.. 0-.82 % 

Chromium ... 

lO-O % 

10 -5 % 

Nickel 

0-42 % 

... 2-2 % 


The chromium content of the two samples is lower than usual 
in stainless steels, but this is an advantage rather than 
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otherwise as it will tend to emphasise any influence that the 
nickel may have. . 

Polished samples of these two steels, both in the hardened 
condition and also after hardening and fully tempering were 
exposed to the action of water for four months and in both 
cases the steels behaved in a precisely similar manner. There 
was slight local attack on all samples at the point of support, 
the amount of attaok being greater in the tempered specimens 
than in those which were hard, but no difference was observ- 
able between the two steels. Apart from this local attack, 
the samples retained their initial polish during the test. 

The high nickel steel was somewhat more resistant to 
vinegar than the other, but the difference was very slight. 

Samples of both steels, after hardening and tempering, 
were exposed to the attack of various acids with the results 
given in Table LXVI, the losses in weight being expressed 
in grams per square metre of surface per hour* : — 


Tabu-: hXVl. 


Kffevt of per cent, Nir.lcel on the Acid Resistance of 
10 per cent. Chromium Steel. 




Duration ot 
atttti’k. 

Kate of 
Krs. per hij. 

attack : 
m. ])er hour. 

AcliL 

simigtli 

SttH;lA. 1 

Steel B. 



0-42% 

2-24% 




Nickel. 

Nickel. 

Sulj3hiiric 

1 5 

/o 

6 hours 

12-6 

11 9 

Hydrochloric 

Norrnjil 


3-9 

9*4 

Nitric 

. , 

• „ 

08-4 

86'6 

Acetic 


5 days 

0-51 

0*2 

Citric 

«% 

21 hours 

0-35 

0-25 

1 

i 

' 




The results indicate that the presence of about 2 per cent, 
nickel has possibly a slight beneficial influence on the resist- 
ance of the steel to vinegar and to some acids, but produces 
no noticeable effect on the resistance of the steel to general 
corrosion. It is evident that, as a general rule, the effect of 
such an amount of nickel on corrosion may be ignored and 
its presence adjusted, if necessary, to suit physical require- 
lUents. 

* See page 315 for the significance of this method of recording tosses in weight. 
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The much g^reater amount of nickel present in austenitic 
steels, however, exercises a very distinct influence on the 
resistance of the latter to corrosion, and particularly to the 
attack of chemicals of various kinds. In this respect, nickel 
differs considerably from chromium in the virtues it confers 
on the steel to which it is added. Addition of chromium, as 
has been shown, brings resistance to nitric acid but serves 
no useful purpose in connection with sulphuric and hydro- 
chloric acids. Nickel, as is evident from Table LXVII, 
giving results obtained by Dr. Hatfield, is of no value where 
nitric acid is concerned but makes the steel to which it is 
added much less soluble in hydrochloric and sulphuric acids, 
particularly the latter. 

Tablk LXVir. 


Effect of Nickel on the Solubilitij of Steel in Acids. 





Lu<4hc 8 in weiKht in gminH. 

Carbon 

% 

Nlokcl 

7« 

Chromiiiin 

% 

Hydrochloric 

Acid, 

(oonc.) 

Nitric 

Acid. 

(Sp. nr. 1-20) 

Sulphuric 

Acid. 

10% 

0-89 

Oil 

nil 

0-1812 

0-5858 

0-1032 


4-82 

1 ^ 

0-1142 

0-7398 

0-0221 

016 

(505 

♦ n 

0-0872 

0-4175 

0-0072 

o:3i 

902 


0-1593 

0-6494 

0-0102 

0-23 

12-33 

% 1 

0-1939 

0-7123 

0-0074 

0-32 

14-90 

J f 

0-0816 

0-7026 

0-0028 

0-26 

20 -OS 


0-0838 

0-6887 

0-0010 

0*31 

24-21 


0-0568 

0-7532 

0-0008 

018 

26-1 


0-0678 

0-591 4 

0-0006 

018 

29-3 


0-0290 

0-77 45 

0-0005 

0*23 

36-5 


0-0237 

0-5730 

1 0-0003 

0-29 

44-75 


0-0329 

0-5684 

0-0004 


Results obtained by Guertlcr and Ackermannf in an 
extended series of tests on iron-chromium-nickel alloys 
showed that the rate of solution of such alloys in nitric acid 
was almost entirely a function of their chromium content ; 
when this was constant, addition of nickel conferred no 
increased resistance to this acid. The same conclusion was 

♦ J.LSJ., 1923, ir, p. 103, 

^ ZeiUchrift, fitr MeKiUkundet August, 1928, p. 269. 
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also reached by Rllijig and Ackermann* as a result of tests 
on a very comprehensive series of alloys. On the other 
hand, the rates of attack of cold dilute hydrochloric and 
sulphuric acids on chromium steels were shown, particularly 
by the latter investigators, to be reduced considerably by 
the addition of up to about 12/15 per cent, nickel. Addition 
of still more nickel^ even to the point of replacing the iron 
entirely by this metal, did not effect any further appreciable 
improvement in the resistance of the alloys to these acids ; 
although it undoubtedly has a marked effect in this direction 
when the acids are hot (see page 358). Pilling and Ackermann 
also found that the high nickel content of the austenitic 
steels was valuable in reducing the rate of attack of acetic, 
citric, lactic, formic, phosphoric and tartaric acids but 
appeared to have little effect on that of oxalic acid.f 

The greater resistance of the austenitic steels, such as 
“ Anka,” “ Staybrite ” and “ V.2.A.,” to sulphuric acid, as 
compared with steels of similar chromium content but free 
or practically so from nickel is probably the reason why 
the former are affected less by industrial atmospheres than 
the latter. Such atmospheres invariably contain small but 
distinct amounts of sulphuric acid and arc therefore likely 
to produce a greater amount of pitting in the nickel-free 
steels. 

(d) Silicon. The presence of about one per cent, 
silicon appears to have little effect on the resistance of 12/14 
per cent, chromium steel to ordinary corrosion. For example; 
comparative tests were made on two steels having the follow- 


ing analysis : — 

A 

B 

Carbon 

0-39 % 

0-38 % 

Silicon 

0*11 % 

1-26% 

Manganese 

0-22 % 

0-28 % 

Chromium ... 

13-6 % 

... 18-8 % 

Nickel 

0-64 % 



After being oil quenched from 800°C., sample A was 
hard (Brinell hardness number 495) and stainless to the 
vinegar test ; sample B, after the same treatment was much 

• *** BesUtanoe of Iron<NicketChrotiuum Alloys to Corrosion by Acids.’* 

Amer, InsL Min, ds Met. Sng., February, 1929. Tech. Pub. No. 174. 

t See however Uie data on pa^e 386 re this acid. • 
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less hard (Brinell hardneSvS number 286) and it stained 
slightly with vinegar. Raising the quenching temperature 
to 950 °C. increased the Brinell hardness number of sample A 
to 555 and of B to 480 ; in this condition both were uri- 
attacked by vinegar. After hardening and tempering, both 
were stained slightly, B less so than A ; similar results were 
obtained after annealing. Samples of the steels were 
hardened and then tempered at 700 °C. and in this condition 
were immersed in tap water for 8 months ; they were then 
both perfectly free from any sign of corrosion. Further 
samples of both steels which had been annealed at 900 °C. 
were also quite unattacked after a similar exposure. 

The results suggest that silicon, to the extent of one per 
cent, or so, has little influence on resistance to corrosion. A 
similar opinion was given as a result of tests carried out at 
Woolwich Arsenal* on steels containing high (about 1‘4 per 
cent.) and low percentages of silicon and with carbon up to 
0*43 per cent. As a result of these tests, it was stated : 
“ The anti-corrosive influence of silicon was difficult to 
estimate in the case of steels containing more than 12*5 per 


Tahlk I.XVIII. 

Effect of Silicon on the Acid Resistance of IS per cent. 
Ch roni ium Steel. 



Carbon % 

Silicon % 

Chromium % 

Steel A 

()'39 

Oil 

186 

Steel B 

0-38 

1-26 

13-8 


Acid. 

Strcngtli 

1 . 088 : grs. per sq. m. per hour. 

Steel ’A. 

steel JB 

* Hydrochloric 

10% 

2-5 

2-65 

Nitric 

Normal 

5-6 

'2-4 

Sulphuric 

5% 

71 

2-8 

,, 

35% 

112 

80*8 

,, ... 

50% 

60 

8*7 

Acetic 

5% 

0'61 

0*68 

Citric 

6% 

11 

0*5 

Oxalic 

Normal 

0-3 

0*8 


* ** Metalluigioal Data on Stainless Steeb.’* H. H. Abiam. Chem* df Met* 
Vol XXX g[«24), p. 430. 
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cent, of chromium. In certain acid etching reagents, for 
example, high silicon steels were undoubt^ly the more 
resistant to attack, but in the weather arid sea water trials 
their superiority over low silicon varieties was not evident 
and, in fact, appeared to exist only in the tempered sp^imens 
of the higher carbon varieties.” 

As regards the attack of acids, silicon appears to have 
some beneficial effects ; thus the results in Table LXVIII 
were obtained on hardened and tempered samples of the two 
steels referred to on page 301 and the results indicate that the 
presence of about one per cent, silicon reduces the rate of 
attack of some, but not all, acids on the steel. 

Although silicon appears from these results to be bene- 
ficial as regards dilute nitric acid, it is detrimental where hot 


Table LXIXa. 

Effect of Silicon on the Resistance of Chromium Steels 
to Nitric Acid. 


steel. 

A. 

B. 

C. 

D. 

Carbon % 

()-18 

0‘15 

009 

022 

Silicon % 

01 5 

3 5 

0-30 

3*3 

7 b 

8*8 

8-7 

140 

14-9 


Strength of Acid. 

Temp. 

Losa ' gra. per sq. m. per hour. 

A. 

s. 

c. 

jD. 

Decinormal 

ri8°c. 

111. 

6*54 

0-26 

nil 


\ Boiling 

669 

569 

11*3 

5*3 


ri8®c. 

26 

4-5 

nil 

nil 

Normal 

^ 85°C. 

31-2 

11-8 

nil 

nii 

* 

(^Boiling 

263 

35*5 

nil 

nil 


ri8°c. 

003 

018 

nil 

nil 

S.G. 1*2 

^ 85X. 

1*23 

2-28 

010 

0-26 


[^Boiling 

27-9 

29-3 

101 

2-53 


ri8‘=*C. 

0035 

007 

nil 

nil 

S.G, 1-42 

^ 45X. 

0-51 

M8 

013] 

0-25 

• 

L Boiling 

136 

84 

4*85 I 

1 

8*15 
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Table LXIXb. 

Effect of Silicon on the Renstance of Stainless Iron to 
Boiling Nitric Acid, 


JL 



Carbon % 

Silicon % 

Cluomium % 

Iron A 

0-08 

0-24 

15-4 

Iron B 

0-10 

I’io 

15'5 


strength of Acid. 

liOSfl : grs. per sq m. per iiour. 

A. 

B. 

N/10 

0-33 

nil 

N/5 

0-4() 

nil 

N/2 

0-29 

nil 

N 

OU 

nil 

2N 

0-U 

nil 

5N 

0-60 

044 

S.G. 1*42 

1*71 

10-3 


concentrated solutions of this acid are concerned, as will be 
evident from the figures given in Tables LXIXa and LXIXb. 
In connection with this, it is of interest to note that Evans* 
pointed out that the addition of about 3*5 per cent, silicon 
to iron caused the latter to lose its passivity in concentrated 
nitric acid, a sample of such high silicon material being 
completely dissolved by acid of specific gravity 1*42 under 
conditions which produed a quiescent state in pure iron.'l* 
Benefits following the use of silicon in corrosion resist- 
ing steels have been claimed in a number of patents, among 
the earliest of which arc those obtained by Armstrong and by 
C. M. Johnson. The Armstrong patents, J which are held 
by the Ludlum Steel Co., relate mainly to iron-chromium- 
^ilicon alloys and the field of composition specified is wide, 
though it was restricted considerably by court decision as a 
result of litigation, in the United States of America, with the 
holders of the Brearley and Haynes patents. The. Johnson 

•J.C.S., May, 1927, p. 1038, 

f Silicon, up to at least two or throe per cent., appears to have no similar 
adverse effect on the austenitic chromium-nickel steels ; see Table LXXX, page 361. 

ltJ.a patents; 1.322,611 (Nov. 25th, 1919); 1,456,088 (May 22nd, 1923); 
1,613,793 (Nov. 4th. 1924) ; 1,63.3,782 {Aftil 14th, 1925); 1,666,395 (Sept. 29th, 
1926); 1,683 Got. 2nd, 1928). 
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patents* are held by the Crucible Steel Co. of America and 
they cover a group of iron^chromium-nickel-silicon alloys 
which are made by this company under the name “ Rezistal.’’ 
A detailed description of the properties of some of these 
steels has been given by Johnson.f * 

The chief value of silicon appears to be in materials 
intended for resisting oxidation at high temperatures. Even 
when present to the extent of only one per cent., it raises very 
considerably the temperature at which stainless steels begin 
to scale freely ; further reference to this will be made later. 

(e) Manganese. It has been asserted on several 
occasions that the presence of manganese is detrimental to the 
corrosion resistance of stainless steel, and allusion made to 
results obtained by RohnJ as supporting this belief. Rohn 
actually carried out tests on two alloys, containing 25 per cent, 
chromium, to one of which 1 per cent, manganese had been 
added. Tests in 10 per cent, nitric acid, both hot and cold 
showed that both steels were equally immune from attack. 
In the case of acetic and phosphoric acids, the results on the two 
steels were of the same order of magnitude and very probably 
such differences as were noted were within the limits of 
experimental error. Only in the case of hydrochloric and 
sulphuric acids — two acids against which 25 per cent, 
chromium steel possesses no useful degree of resistance — 
was the manganese found to increase to any notable extent 
the rate of attack. It may be suggested, therefore, that 
statements such as “an addition of 1 per cent, manganese 
more than counterbalances the resistance obtained by a 
9 per cent, increase in chromium content ” and alleged to 
be based on these figures, § are much exaggerated and quite 
misleading. 

Although it is doubtful whether the addition of man- 
ganese has any beneficial effect on the corrosion resistance 
of either chromium or chromium-nickel steels, its presence 
in amounts up to one per cent, or so, seems to be advantageous, 
in some cases at least, from the point of view of forging 
characteristics. It is a pity, therefore, that its use for this 
purpose should be deprecated or even prohibited on account 

* U.S. patents : 1,420,707 {Juno 27th, 1292) ; 1,420,708 (June 27tb, 1922) ; 
1,617,334 (&b. 15th, 1927). 

t Trans, AM.8.T,, July, 1921, p. 554. 

* JbTiitoKl:., Deo., 1926, p. 387. 

$ Chem. and MH. July, 1927, p. 417. 
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of the effects of exaggerated statements, such as that quoted 
above, which appear to have little or no foundation in fact. 

(f) Copper This metal is not commonly added to the 
straight chromium steels ; claims have been made however^ 
notably .by Saklatwalla,* that the addition of about 0*5 to 
1 *5 per cent, copper to such steels very considerably improves 
their resistance to acids, notably sulphuric and hydrochloric. 
In experiments carried out to investigate these claims, 
samples of steels containing 


Carbon 

0-16 % 


B 

0-22 % 

Silicon 

0-28 % 


0-28 % 

Manganese 

0-17 % 


0-17 % 

Chromium ... 

12-1 % 


12-1 % 

Nickel 

0-4.4 % 


0-47 % 

Copper 

0-08 % 


1-20 % 


were hardened from 950°C. and tempered at 700“C. and were 
then exposed to the action of various acids for suitable 
periods and their losses in weight determined. The results 
obtained are given in Table LXX ; the losses, as before, 
being expressed in grammes per square metre of surface per 
hour : — 


Taulu LXX. 


Effect of Copper on the Acid Resistance of Stainless Steel. 


Acid. 

strength. 

Duration of 
attack. 

1.088 : grs. per sq. in. per hour. 

Steel A. 

0 08“w Copper. 

Steel B. 

1'2% Copper, 

Sulphuric 

s% 

7 hours 

22*1 

10*5 

»» 

35% 

6 „ 

265 •() 

450 


50% 

6 

8-8 

6*4 

Hydrochloric ... 

Normal 

7 „ 

5*8 

1*8 

Nitric 

Normal 

6 „ 

71 

7-6 

Acetic ... 

kO/ 1 

^ /o 

24 

0-32 

016 


It will be seen that the copper lias a noticeable effect with 
all the acids used except nitric. However, although the 
addition of copper reduces the rate of attack with most of 
the acids, the copper-chromium steel can hardly be described 
as an “ acid resisting ” material. * 

* ** FeKTOna Besistant to Corrosion.** Iron Age^ April 24th, 1^4. 
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More recently copper has been added to the austenitic 
nickel chromium alloys,**' where its prefiience appears to confer 
certain advantages, as regards resistance to the attack of some 
chemicals, e.g., hydrochloric and sulphuric acids and 
ammonium chloride ; see Chapter VI. * 

(g) Molybdenum. The resistance of chromium- 
molybdenum alloys to chemical attack, more particularly of 
acids, was noted by Borchers and Monnartz some years ago. 
In 1910, they took out a (ierman patent (No. 246,085) in 
respect of alloys containing 10/60 per cent, chromium, 
together witli 2/5 per cent, molybdenum, claiming for such 
alloys high resistance to chemical action and also mechanical 
workability. They also claimed that the molybdenum 
could be partly replaced by vanadium or titanium.- 

The addition of about 2 per cent, molybdenum to a 12 per 
cent, chromium steel retards considerably the rate at which 
the latter is attacked by many inorganic and organic acids. 
As an indication of this, the results in Table LXXI may be 
noted. The tests were carried out at atmospheric temperature 


Taiu.k LXXI. 

Effect of Molybdemim on the Acid Resistance of Stainless 

Steel, 




Carbon % 

(‘hromliim % 

Molybdenum 

Steel A 


(>•32 

12 2 

nil 

Steel n 


0-23 

11-6 

2*3 


Add. 

HtreiigUi. 

Duration of 
attai-k. 

1 . 0 SH : UT». per st 

A, 

I. m. per hour. 

Nitric 

Normal 

6 

lioiirs 

17-6 

6*7 

Hydrochloric ... 

10% 

24 


21-5 

2 0 

Sulphuric 

5% 

2t 


40-9 

13-7 

.* « • • 

35% 

6 


205 

17*2 

Acetic 

.'5% 

H 

days 

0-79 

0 045 

• • • 

33% 

10 


0*93 

0-089 

Citric 

6% 

7 


2*4 

0*08 

Tartaric 

• 

25% 

13 


(>•43 

0*22 


Britifili patents ; 201,914 (July 31st, 1923) ; 267,024 (Sept, 28th. 1926). 
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and both the steels were in the hardened and tempered 
condition. 

Molybdenum has a similar effect on the austenitic 
chromium-nickel steels. For example, when added to the?’ 
extent of 8 or 4 per cent, to steels of the ‘‘ V.2.A.’’ class, 
it produces an alloy very resistant to dilute sulphuric acid, 
even when the latter is hot. Occasions when such dilute 
acid solutions are used arc frequent in the manufacture and 
use of dyes ; these solutions are extremely corrosive and the 
commercial application of certain processes involving their 
use has been made possible by employing equipment 
fabricated from these alloys. 

The chromium-nickel-molybdenum steels are also 
especially suited for processes in which contact with sulphur 
dioxide and sulphites at high temperatures and pressures is 
involved, this particular purpose being specifically claimed 
in the original patent* covering their manufacture and use. 
They also possess a greater degree of resistance to certain 
organic acids, notably boiling acetic acid, than do the parent 
chromium-nickel steels. Further details regarding this will 
be given in the next chapter. 

(h) Tungsten. Like molybdenum, tungsten increases 
the acid resistance of chromium and chromium-nickel steels, 
but to a relatively small extent. The use of this metal 
(together with others) as an addition to such steels forms the 
subject of a series of patents, obtained by Sir R. A. Hadfield,t 
in which it is claimed that the resulting alloys resist coiTosion 
by chemical attack at ordinary temperatures and oxidation 
and corrosion by hot vapours and gases and also possess great 
strength at high temperatures. 

As regards its influence on the rate of attack of acids on 
12 per cent, chromium steel, the results in Table LXXIl 
indicate, by comparison with those in Table LXXI, 
that tungsten is less effective in this respect than 
molybdenum. 

The Hadfield patents referred to above claim the addition 
of tungsten for its general effect of improving the corrosion 
resistance of the chromium and chromium-nickel steels to 
which it is added ; the more specific effect of preventing 

• British patent 201,915 (July 31st, 1923). F. Krupp, A.G. 

tBritish patents : 220,006 (Feb. 9th, 1923) ; 232,656 (Dec. 27th, 1923) ; 
313,471 (Jun^ lOth^ 1929). 
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Tabi« LXXII. 

Effect of Tungsten on the Add Resistance of Stainless Sted. 



Caitoa % 

Chromlaiki % 

Tttikgstcn % 

Steel A 

0-32 

12-2 

nil 

Steel B 

• • 

0-82 

11-6 

1-40 


Add. 

strength. 

Duration of 
attack. 

Low : gni. per e 

A. 

q. m. per hour. 

Nitric 

Normal 

6 hours 

17-8 

25*1 

Hydrochloric ... 

10% 

24 

21*5 

55 

,, ... 

50% 

21 

69-8 

12-8 

Sulphuric 

5% 

21 „ 

40*9 

25*7 


35% 

6 „ 

205 

101 

Acetic ... 

5% 

8 (lays 

0-79 

017 

,, ... ... 

83% 

10 

0*93 

0*17 

Citric 

6% 

7 „ 

2-4 

0-25 

Tartaric 

25% 

13 „ 

0*43 

0*48 


intergranular breakdown, as was described on pp. 285 et seq., 
is the subject of a more recent and quite different patent. 

The use of tungsten in heat resisting steels — its bene- 
ficial effects in this respect are mentioned in the Hadfield 
patents — will be described in a later chapter. 

(i) Scale. Although scale is not strictly a variable in 
composition, it may not be out of place to consider its effects 
here. Stainless steels, after reheating to high temperatures, 
whether followed or not by rolling or forging, are coated with 
a scale consisting of the oxides of iron, chromium and other 
metals which may be present. This scale is electronegative 
to the metal and, if it is not removed, will cause local 
corrosion of the steel in its neighbourhood. It must therefore 
be removed either by suitable machining or by pickling. 
Sand blasting does not appear to be so effective ; although ^ 
the greater part of the scale is removed by this treatment, 
producing a very pleasing surface, small particles of it are 
liable to be hammered into the surface of the steel by the 
sand and thus remain to act as potential centres of corrosion. 

, Sand blasted material may also rust badly from another 
cause. The sand grains appear to pick up particles of metal 
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6t oxide from the surfaces they abrade and then to deposit 
some of these particles on subsequently treated surfaces. If 
the stainless steel be sand blasted by sand which has 
previously been used on ordinary steels, the sand particle^ 
deposit on the stainless steel some of the material they have 
previously picked from the other steel. As a result, the sand 
blasted stainless steel surface will very quickly rust super- 
ficially if exposed, e.g., to the atmosphere.. The trouble may 
be avoided however, if the sand blasted surface be pickled in 
5 per cent, nitric acid ; the latter removes the deposited 
material but has little or no action on the steel itself. 

It is obvious that the finished surfaces of stainless 
material should be free from roaks, pits or cracks, or even 
stamp-marks formed by pressing a lettering die into the 
surface of the hot steel, because such marks or defects will 
contain scale. Scale occurring in stamp-marks may gener- 
ally be removed by careful pickling ; it is preferable, however, 
to etch* identification marks on finished surfaces rather than 
to stamp them. 

It is also evident that no amount of pickling or machin- 
ing will remove particles of scale present in wild or unsound 
steel, as fresh particles are exposed with each new surface. 
It follows, therefore, that articles made from stainless steel 
which contains much slag or which was unsound in the 
ingot will never be so satisfactory as those manufactured 
from properly made steel of similar analysis ; for example, 
knives made from such unsound steel develop in use a 
mottled appearance due to the production of minute pits at 
points where slag or oxide particles are exposed on the 
polished surface. 


* A suitahJo mitgent for etching stainleBB steel consists of : 

Ferric Chloride... ... ... (H) grains. 

Hydrochloric Acid (cone.) ... 90 „ 

Nitric Acid (cone.) 3 „ 
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THE BESISTAHCE OF STAINLESS STEELS TO VAEIOUS 
TYPES OF CORRODING MEDIA 

• • 

When an attempt is made to determine the resistance 
of some particular metal to the action of different chemicals 
and then to assess the value of that metal to the chemical 
industry, three major difficulties at once present themselves. 
In the first place, how are the laboratory tests to be carried 
out ; secondly, how are the results of these tests to be 
recorded so that those who study the records may obtain 
a true idea of the behaviour of the metal with different 
chemicals ; and thirdly, how may the results so obtained be 
applied to commercial practice ? 

The easiest way of carrying out a laboratory test is to 
immerse completely a weighed sample of known surface 
area in a suitable volume of the corroding fluid, leave it there 
for a sufficiently long period to obtain a weighable loss, and 
then calculate this loss in w'eight in terms of unit area and 
time. The result may or may not give useful information, 
depending on many circumstances. The actual experiment is 
affected by such obvious factors as the condition of the 
surface of the sample, the temperature of the solution, the 
rate at which the strength of the active corroding agent is 
depleted owing to the progress of the action, and the effect 
of the products of the action on its further course. 

The effect of surface condition varies among the different 
types of corrosion resistant steels, but is probably never 
entirely absent ; in making comparative tests between 
different alloys, the surfaces of the several samples should 
always be prepared in a manner which can be duplicated 
with fair accuracy. Generally speaking, this can be achieved 
more easily if they arc prepared with the finer emery papers 
used for metallograpbical purposes (“ 0 ” and “ 00 ” Fortin 
or Hubert papers are suitable), than if they are machined or 
machine ground. Particular care should be taken to avoid 
heating the surface of a sample during its final polishing 
because, if this occurs, the rate of attack (or at least its 

313 • 
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initial stages) of many reagents on the sample is likely to be 
affected. Samples which have been used for one test should 
not be used for a further test until they have been completely 
resurfaced. Immersion in many chemicals, which may or 
may not produce visible effects on the steel, induces passivity 
in the latter, and this may seriously affect the subsequent 
action of the same or some other chemical on the metal. 
Frequently the passivity effects produced after the first 
application of some corrosive fluid are sufficient to prevent 
further attack on the sample if it is re-immersed in the same 
corroding fluid without being resurfaced. This phenomenon 
has been frequently noted in the practical application of the 
steels and is often of considerable importance. 

As regards variations in temperature, it has been stated 
that the rate at which many chemical reactions take place 
is doubled by a rise in temperature of about 10° C., e.g., from 
20° C. to 80° C. As rates of corrosion are fundamentally 
rates at which certain chemical reactions take place, further 
comment is unnecessary. It may be mentioned, however, 
that with some chemicals, particularly acids, there seems to 
be a critical temperature above which the rate of attack 
increases much faster than at lower temperatures. The 
actual position of this temperature depends on the type of 
steel and of chemical under consideration, but in the case of 
nitric acid of S.G. 1*42 or thereabouts, it occurs between 
80° C. and the boiling point of the acid (120°/125° C.). 

Troubles due to depiction of reagent and its contamina- 
tion with the products of the attack are most difficult to 
avoid in laboratory tests ; they arc particularly evident in 
those with dilute solutions of active corroding agents, solutions 
which are often of great importance commercially. Their 
effects are of course minimised by using an ample bulk of 
solution and renewing it at frequent intervals, and by stirring 
the solution or moving the sample continuously by some form 
• of mechanism, while it is immersed in the reagent. The latter 
method requires an elaborate “ set-up ’’ when a large number 
of samples arc to be tested but probably lends itself more 
easily to duplication of conditions than when the stirring of 
solutions is attempted. A convenient arrangement has been 
described by Frazer, Ackermann and Sands.* 

• " Controllable Variables in the Quantitative Study of the Submerged 
Corrosion of Metals.” JnL Ind. dr Eng. Vol. XIX (1927), p. 332. 
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The recording of results presents considerable difficulty* 
Broadly speaking, attack on a metal may occur in three 
ways: — 

1. An even attack, leading to the removal from the 
surface of the sample of a layer sensibly uniform in 
thickness. 

2. An intergranular attack, which in its worst 
form may convert a solid sample into a mass of loose 
crystals. 

8. liocal attacks, producing pits. 

In the third case, loss of weight figures arc only of value 
in helping the experimenter to arrive at sonic estimate as to 
the depth and extent of the pitting produced under the actual 
conditions of an experiment. It is obvious that a few deep 
pits in one sample might produce a smaller loss in weight 
than a much larger number of very shallow pits ; but the 
former is generally by far the more serious form of attack. 
Loss of weight figures are of still less value in the second case, 
as they give no indication as to the depth to which 
disintegration has proceeded. This form of attack, however, 
appears to be confined to austenitic steels which, owing to 
faulty heat treatment, contain a network of carbide round 
the austenite grains. It is not produced in these steels 
when they have been correctly treated nor has it been noted 
in other types of steels. 

Only in the first case do the loss of weight figures provide 
data which are useful as a measure of the relative value of 
different specimens under similar test conditions. A con- 
venient method of recording results is in the form of grams 
per square metre of surface per hour. Expressed in this form, 
they suggest that the rate of attack remains constant both 
over the whole surface of the sample and during the whole 
time it is exposed to the corroding fluid and the idea may be 
carried further by calculating, from the known density of the 
metal, the thickness of the presumed uniform layer which 
would be removed in the course of some specified time — e.g., 
a month or a year. Most corrosion-resisting steels have 
densities between 7*75 and 7*95 ; if a mean value of 7*85 be 
8u»sumed, the thickness of this calculated layer removed in the 



316 


STAINLESS IRON AND STEEL 


course of twelve months by different rates of attack is as 
follows : — 


Rate of attack; 

Ors. per sq, m. per hour. 

1 Layer removed In 12 monttia. 

mm. 

ins. 

0*1 

Oil 

0001 . 

1*0 

1*1 

0-04 

10*0 

110 

0*4 


It should be clearly understood, of course, that these 
equivalent layer thicknesses are only theoretical values — 
their calculation postulates absolute evenness of attack — but 
they are useful as providing an easily visualised measure by 
means of which the effect of different rates of attack may be 
appreciated. They also suggest that a rate of attack of not 
more than 0*1 gram per square metre per hour is so slow as 
to justify the metal possessing it being regarded for practical 
purposes as “ completely resistant ” ; while if the rate docs 
not exceed ten times this value (i.e. 1-0 gram per square 
metre per hour) the metal is likely to serve many useful 
purposes in chemical engineering. On the other hand, if 
the rate of attack exceeds 10*0 grams per square metre per 
hour, the metal may be classed as non-resistant. 

It should also be noted that when the rates of attack of 
different metals are being compared under some given 
corrosive conditions, it is important that the samples used 
should have approximately the same size and shape. Also, 
in worked products, the samples should be oriented in the 
same manner with regard to the main direction of extension 
of the nletal during working. Most worked metals have a 
more or less distinct fibrous or plate-like structure and the 
rates of attack on surfaces parallel and perpendicular to this 
structure are not always the same. 

Further difficulties arise when attempts are made to 
apply the results of laboratory tests on metals in estimating 
the probable value of the latter for the construction of plant 
in connection with the manufacture, storage or use of the 
particular chemical with which they have been tested. In 
the first place, it is rare that metal equipment so used is 
entirely immersed in the corroding fluid ; there is generally 
a liquid-air interface somewhere and corrosion is apt to be 
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more severe her^ than elsewhere, paarticularly if the position of 
the interface remains sensibly constant. True, laboratory 
tests may be made to test the eiffect of stationary liquid level 
by partially immersing the samples under test, but it is not 
always easy to judge the relative attack on a number of 
metals so tested. Secondly, corrosive fluids in practice 
are rarely stationary in the vessels containing them ; they 
are generally moving, and frequently rapidly. As a result 
the strength of the corroding fluid is not likely to be depleted 
nor its action retarded or accelerated by reaction products, 
as so frequently happens in laboratorj^ tests ; in addition, 
effects due to erosion may probably be encountered. Again, 
in practice there is frequently more than one active chemical 
present ; often there are several, whose relative proportions 
vary continuously, in addition to others present in small 
amounts as impurities ; and frequently the rate bf attack 
of a chemical on a given metal is appreciably affected by the 
presence of even relatively small amounts of other substances. 

It is well, therefore, to regard laboratory tests as being 
designed to sort out the metals likely to be of value for a 
particular process ; and, wherever possible, to supplement such 
tests by others under practical conditions, possibly on a small 
scale, in order to obtain a more valuable discrimination 
between those metals judged as useful from laboratory tests. 
Where a suggested plant involves a very large capital expen- 
diture, preliminary trials with a small scale plant are 
particularly desirable ; the extra insurance against failure 
thus provided is well worth the capital cost of the experi- 
mental plant. If, however, practical tests arc not feasible 
or are not convenient and some deeisioii has to be made on 
the results of laboratory experiments, it is well to assume that 
the rates of attack obtained in these experiments may be 
considerably exceeded in practice and to allow an ample 
margin of safety in any estimates as to the probable life of 
equipment. It is the practice in at least one large chemical 
works to assume that rates of attack in practice are likely to 
reach ten times the A alues found in laboratory tests. 

There is also another factor which enters into such 
estimates. Laboratory tests are generally carried out on 
small samples whose structural condition has been carefully 
ccJntrolled. The same degree of precision as regards structural 
characteristics is not always feasible in chemical equipment 



SIS 


STAINLESS IRON AND STEEL 


and possible local acceleration of attack due to the effects 
of fabrication processes such as, for example, accidental local 
distortion, should always be borne in mind. 

The data given in the following pages are largely based 
on experiments, extending over some fifteen years, carried 
out in the author’s laboratory and also upon the results 
attending the use of the various materials in practice. In 
addition, the published work of other investigators has been 
freely quoted. A considerable portion of the author’s 
laboratory work was undertaken to obtain data on specific 
problems. Owing to this, the experiments with some media 
have been carried out under conditions which arc not strictly 
parallel with those used with other reagents, the conditions 
in each case being those best adapted to solve the particular 
problem in hand. Although this introduces a lack of 
uniformity of conditions which is perhaps not desirable in a 
series of scientific investigations, it does not lead to any 
serious difficulty in the practical application of the several 
series of results. 

The various chemicals, whose effects on different stainless 
steels are here described, represent only a small fraction of 
those in which the chemical manufacturer is interested or 
in connection with which he might find these steels useful 
for the construction of plant. An attempt to deal with 
such compounds in any degree of completeness would result 
in a book of encyclopaedic size. The compounds selected 
for discussion are, however, among those most commonly 
handled by the chemical manufacturer and the response of 
the various kinds of stainless steels to their attack may 
probably be taken as typical of the service which these steels 
can render. 

Atmospheric Corrosion, Tlic association of the name 
“ stainless steel ” with a brightly polished knife blade has 
been largely responsible for the prevalent idea that articles 
► of stainless steel should always be brightly polished and 
should always retain this polish indefinitely. Doubtless, it 
is desirable that many stainless steel articles should possess 
these attributes ; one may place in this category for example, 
most household fittings, ornamental or otherwise. There 
are many other purposes, however, where it is not really 
necessary that a metal article should be given, or be capable 
of retaining indefinitely, a polished surface ; the desirable 
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<iharacteri$tic of such fittings is tl;iat they shall not suffer 
any marked degree of* corrosion. This distinction in requisite 
properties is of considerable importance in regard to the 
possible effects of atmospheric attack on the various kinds 
of stainless steels. As a general rule* polished indoor fittings 
of any normal stainless steel (containing not less than about 
12 per cent, chromium) will retain their lustre indefinitely. 
Many household fittings consist of castings ; in others sheet, 
tube and possibly small stampings are used. As castings 
are probably more easily prepared in the austenitic chromium- 
nickel steels than in any other type of stainless steel, and the 
other forms (tube sheet and stampings), at least as easily, 
this type of material is generally employed for household 
purposes ; and experience has shown that bathroom fittings, 
for example, fabricated of ‘‘ Anka ” or ‘‘ Staybrite ” retain 
their lustre perfectly. The stainless irons, however, are 
quite as useful and these, as w(?ll as the austenitic steels, 
have been widely used for hearth furniture and other 
decorative fittings with j>eifect success. 

The effects of outdoor exposure depend considerably 
on location. In the pure atmosphere of the country, stainless 
steels will remain unaffected for long periods. Exposure in 
some urban districts also produces little effect, even near the 
coast where the corrosive effects of salt spray are also 
encountered. Thus Dr. Newton Friend* reports that a bar 
of steel containing 13*57 per cent, chromium, after being 
exposed to the sea air at Plymouth for five years, was still 
in perfect condition, its original excellent polish being 
retained. In large towns, however, and particularly in the 
neighbourhood of works, corrosive conditions of a much 
more severe character are frequently encountered. Generally 
the atmosphere in such places is dust-laden and also contains 
small amounts of sulphur dioxide and sulphuric acid. 
Polished samples exposed for long periods under such 
conditions become coated with a layer of dust which often 
adheres very tenaciously to the steel. When the dust is 
removed, the surface of the steel underneath may still be 
unaffected but often is found to be pitted, this being probably 
caused by the combined action of dust and acid. The 
pitting, however, proceeds at a very slow rate and though it 

* * The Deterioration of Structures in Sea-Water.” Dept.ofSci, cfc /nef. Ret,, 
Tenth Beport, \930. 
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may mar the appearance of a polished surface, the actual 
amount of metal corroded away is excessively small, even 
after an exposure of several years. Por example, the 
author has had a number of samples of stainless steels of 
widely differing compositions hung for 7 or 8 years on a 
veranda outside his laboratory in the steel works at Atter- 
cliffe, Sheffield. They are, of course, covered by now with 
a thick brown coating of ferruginous dust ; on scraping 
portions of the latter away, the original surface of the steel 
can still be seen though it is marred in every case as a polished 
surface by the presence of numerous minute pits. The 
amount of pitting varies in different steels ; thus other 
things being equal, it is less the higher the chromium content. 
It is also less in the austenitic chromium-nickel steels than 
in the plain chromium steels of like chromium and carbon 
content, a result \vhich might be expected from the greater 
resistance of the former steels to sulphurous and sulphuric 
acids. For the same reason, the presence of metals like 
molybdenum, copper and tungsten, which also lessen the 
rate of attack of these acids on cither tlie chromium or 
chromium-nickel steels is beneficial. 

It should be noted that these samples have been exposed 
under extremely severe conditions. The atmosphere is 
probably as bad as would be found in any industrial district, 
while the samples themselves have been exposed continuously 
and have never been wiped or cleaned during the whole period 
of their test. It seems doubtful whether any type of corrosion 
resisting steel commercially available will retain a polished 
surface absolutely unimpaired by pitting for an indefinite 
time under such very severe conditions. It is probable, 
however, that the amount of pitting would be much less if 
the samples were washed or Aviped clean periodically. At 
the same time, although the pitting produced mars the 
polished surface, the actual amount of corrosion is exceed- 
ingly small and it is progressing at so slow a rate that no 
appreciable change in the appearance of the samples can be 
noticed over periods of several months. The idea expressed 
in the last sentence —namely, the possession of an exceed- 
ingly slow rate of corrosion — brings up again the suggestion 
mentioned earlier, that there arc many metal articles for 
which the absolute permanence of a polished surface is not 
really necessary ; what is requisite is that thqy shall not 
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corrode rapidly. This may possSbly be well illustrated by 
referring to the use of these metals for the hinges of doors. 
An ordinary iron or steel hinge exposed to the atmosphere, 
rusts fairly rapidly and a typical steel hinge, when hung 
outside the author^s laboratory, had rusted so much in the 
course of about a couple of months that its two halves could 
no longer be moved relatively to each other ; in other words, 
its value as a hinge 'had completely gone. A hinge of similar 
shape, but made of stainless iron, containing some 12 per 
cent, chromium, was still perfectly satisfactory as a hinge 
after an exposure of over 5 years. It was certainly coated 
with a layer of dust and scraping a little of this away revealed 
a pitted surface of the steel, but neither the film or the pitting 
affected the movement of the two parts and, as a hinge, it 
was then quite as serviceable as on the day it was made. 

Evidence of the relative permanence of stainless steel 
as compared with other steels even in industrial atmo- 
spheres, was obtained by Dr. Friend* who exposed various 
steels for 7 years on the roof of the Birmingham Technical 

Tablk LXXIII. 

Atmospheric Tests on Various Steels at Birmingham 
{Dr. Newton Friend). 


Material. 


Wrought Irtm 

Carbon Steel— 
0-05/0*32% Carbon. 

Copper Steel— 0*15% ... 

Stainless Steels — 

11*73/13*4% Chromium. 

Nickel Steels — 

2*88/5*8% Nickel. 

Nickel-Chrome Steels — 
1*89/3-66% Nickel. 
0-66/1-08% Chromium. 


Loss In Wdffht ( Grams). 


Hoof of Technical College 
(7 years). 

No. of Max. Min. 

Samples (x)bs Loss Average 

12 225-8 177-7 201*2 

9 389*4 176*4 287*3 

1 -- - 183*0 

4 5*3 0*6 2*6 

3 128*5 36*8 73*7 

4 152*1 23‘0 73*1 


Ncchell’s Gas Works 


(S years). 

No. of 
Samples 

Max. 

Loss 

Min. 

Loss 

Average 

17 

232*2 

173*2 

207-5 

12 

417*2 

204*5 

332*2 

2 

210*8 

204-8 

206-8 

4 

6-0 

1-0 

3-35 

3 

146-1 

86-3 

120-5 

1 

3 

146-3 

90-2 

115*9 


•T.4iS. Ifut., C.S.M., 1929, p. 61. 
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College and for 6 years on the roof of the laboratory of the 
Birnnnghani (tasworks at Nechells. The samples were in 
the form of bars 2 feet long and inches diameter and 

their losses in weight at the conclusion of the test are given 
in Table LXXIII. 

Dr. Friend reports that the surfaces of the stainless 
steel bars were stained but were otherwise in perfect con- 
dition. 

Tap Water is without action on any normal stainless 
steel or iron. The author has a number of small samples 
turned from a bar of “ cutlery ” quality steel (12 per 
cent, chromium ; 0-8/0-35 per cent, carbon), which had been 
hardened and then fully tempered, over which tap water was 
allowed to trickle for 2 years, and they do not show the slightest 
signs of attack. These samples were contained in a wide 
glass tube which was attached to a water tap ; the latter, 
being open slightly, allowed w^ater to trickle continuously 
over the samples. Other pieces of similar steel have been 
immersed in slowly running water* for months without 
showing the least signs of attack. River and well water 
have also, as a general rule, no appreciable action on any 
normal stainless material. This may, perhaps, be best 
illustrated by the large number of pump rods and other 
fittings which have been used successfully for pumping 
purposes in many parts of the country. Reference may 
also be made to a test carried out by Dr. Newton Friendt in 
which a polished bar of steel containing 18*57 per cent, 
chromium was submerged in fresh water at Plymouth for 
5 years and w^as then found to be in excellent condition, its 
surface being merely stained and slightly roughened. 

Sea Water and Brine have no general action on 
stainless steels when the latter arc completely immersed 
though they tend, on long exposure, to cause pitting. The 
tendency for pitting to be produced is less, the higher the 
chromium content and it is also generally less in the austenitic 
chromium-nickel steels than in the plain chromium steels 

* In the running water tests mentioned above, and also in the previous chapter, 
the samples were supported in a large glass bowl. A very slow stream of tap- 
water was led by a glass tube to the bottom of the bowl and was allowed to overflow 
from the latter into a sink. By this means the bowl was kept constajitly full of 
water and any fine dust which might have been deposited from the atmosphere of 
the laboratory was automatically carried away. 

t ** The Deterioration of Btructuies in Sea Water. Df.pt, of 8ci, de Ind^ 
Heatarch, Tenth Report^ 1930. 
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of similar carbon and chromium contents. Pitting is 
frequently, though Aot always, greater if the immersion is 
partial (in which case the effect will be greatest at the water 
line, particularly if this be sensibly constant in position) or 
intermittent, such as is produced by alternate “ wet and 
dry” tests; it is still more pronounced when the steel is 
subjected to spray and is probably greatest if moist salt 
crystals are depositei on the steel and are allowed to remain 
in that condition for any length of time. 

The amount of pitting produced by 6 months’ exposure 
to sea water is only slight even in the 12/14 per cent, chromium 
steels ; for example, samples of this type of material, con- 
taining actually 12*1 /1 8 *3 per cent, chromium, in the hardened 
and tempered condition were partly embedded in a block of 
wood and the latter then fixed to a jetty on the sea coast, at 
a point between high and low water marks. The samples 
were thus alternately wet and dry. After 6 months’ ex- 
posure they were quite bright and practically unattacked ; 
only a few minute pits being formed ; thus a sample weighing 
150 grams and having a surface area of about 47 square 
centimetres had a total loss in weight of 1 centigram. 

Longer exposure, however, may produce more distinct 
effects. Thus Dr. Newton Friend* has recorded the results 
of tests on bars of steel containing 13-57 per cent, chromium 
whicli were exposed to the sea at Plymouth for 5 years. 
The bars were 2 feet long, 3 inches wide and half an inch thick; 
one was placed at half-tide level and the other continuously 
immersed. They were both found to be very deeply pitted, 
the losses in weight being about 8-4 and 7-0 per cent, respect- 
ively. In this case, the bar completely immersed was the 
worse. It should be noted, however, that the parts of the 
bars which had not suffered the localised attack still retained 
their original bright polish. 

Considerably less effect is produced, however, in the 
more resistant types of stainless steels. For example, bars 
of stainless iron containing 16*0 and 20-4 per cent, chromium, 
two of Twoscore ” (17*4 and 20*6 per cent, chromium), one 
of “ Anka” (15*4 per cent, chromium, 10-3 per cent, nickel) and 
another of an austenitic steel containing 18*8 per cent, 
chromium and 25-5 per cent, nickel) were exposed, by the 

• “ Tho Deterioration of Structum in Sen-Water.” DepL of Sci, dt Ind^ 
Research, Tenth Report, 1930, p. 9. 
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kindness of Dr, Friend, for two years in the sea between high 
and low water marks at Weston-supfer-Mare. All these 
bars, which were 2 feet long and inches diameter, 
retained their polished surface except for the presence of 
a number of very minute pits. These were most distinct in 
the 16 per cent, chromium iron, less distinct in the 20 per 
cent, chromium iron and the two “ Twoscore ” steels, and 
hardly noticeable in the two austenitic^ alloys. 

For commercial use with sea water or brine, the harden- 
able high chromium steels of the “ Twoscore ” type or the 
austenitic chromium-nickel steels (e.g., “ Anka,” “ Stay- 
brite ” or ‘‘ V.2.A,”) have all been satisfactorily employed. 
For example, valves of “ Twoscore ” steel have operated for 
months with perfect success on the hot brine circulating 
system of the S.S. “ Adriatic.” 

The severely corrosive effect of sea-water spray has 
already been noted. Strauss and Talley* reported, as a 
result of a comprehensive series of spray tests on a number 
of steels whose chromium contents varied from 7 to 27 per 
cent., that no steel was completely immune from attack. 
Some of their results have already been quoted, see pp. 266 
to 269. Their materials did not include any of the “ V.2.A.” 
type of austenitic chromium-nickel steels, but one of 
Ilezistal ” composition (16-85 per cent, chromium ; 25-8 
per cent, nickel ; 2-45 per cent, silicon) was found to behave 
extremely well, though it was not completely immune from 
attack. 

The intensity of attack produced by sea water spray 
depends to some extent on whether the latter is continuous 
or intermittent. If intermittent, the salt-laden moisture 
deposited on the samples under test may evaporate to a 
sufficient extent to cause the separation of moist crystals of 
* salt which exert an extremely corrosive effect. It is doubt- 
ful, in fact, whether any corrosion-resisting steel com- 
mercially available is entirely immune from the effects of a 
lopg continued exposure to such crystals. In a series of 
sea water spray tests, carried out in the author’s laboratory, 
the samples under test were exposed to spray during 8 hours 
in each day and for 5 days in the week. During the re- 
maining parts of the 5 days and also during the week-ends, 

* St Ainless Steels : Their Heat Treatment and Besistanoe to Sea-Water 
OoitoBlon/* Proc. Amer. Soc, Sted TretU,, VoL XXIV, Pt. 11, 1924. 
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the spray was cut off and the samples allowed to stand in the 
moisture-laden atmdsphere of the spray box. Appreciable 
evaporation took place during these periods and, during 
the week-ends at least, minute crystals of salt were formed 
on the surfaces of the samples under test. The experiment 
lasted 88 days (2,150 hours), the actual spraying time being 
400 hours, and under these very corrosive conditions, 
yielded the resultS^iven in Table LXXIV. 

Table LXXIV. 


Sea-Water Spray Tests, 




AnalyRes of stnela. 





No. 


Chro- 


Molyb- 


liOSS 

In 

Kctnarka. 


Carbon 

O' 

rnium 

Nickel 

donum 

Tunjtiten 

weight ; 





/o 



pramR. 


A. 

0-32 

12-7 

040 

— 

— ! 

0*179 

Badly pitted. 

B. 

0 07 

13*8 

0-38 

— 

! 

0*045 

Pitted. 

c. 

0-00 

17-8 

012 

— 


0*031 

„ less than B. 

D. 

008 

20-7 

0-23 

— 

— 

0006 

Slightly ])ittod. 

I 

0*08 

17-0 

2-15 

— 

— 

0*002 

Very slightly jutted. 


0-16 

174 

1-62 



0*019 

Sligldly pitted. 

G. 

012 

16*9 

10-7 

— 

— 

nil 

! 


H. 

OIG 

17-2 

10-6 

— 

— 

nil 



J. 

012 

18 0 

8*2 

— 

— 

nil 

' 

^Minute pits, just 

K, 

013 

17-2 

10*1 

3 42 

— . 

nil 

i 

1 visible. 

L, 

0-29 

17-7 

9*73 

1 


1*64 

nil 

J 

1 


It may be noted that each of these samples weighed 
approximately 65 grams and had a surface area of 25 square 
centimetres. 

Contact Corrosion and Electrochemical Attack. 

It may be convenient to refer here to a type of attack which 
is produced under certain conditions with most, if not all, 
stainless steels and which, for want of a better term, may be 
called “ contact corrosion.” In the early days of these 
steels it was observed that if a piece of the usual “ stainless ** 
cutlery steel (containing 12 per cent, chromium or there- 
abouts) was immersed in a dilute solution of some salt, or 
even in ordinary tap water, contained in a glass beaker, 
corrosion was liable to occur at the points where the steel 
touched the glass. Covering the glass with a layer of paraffin 
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wax so as to diminate contact between glass and steel did 
not prevent attack taking place, though it reduced to some 
extent the probability of it occurring. In the same way, if 
a sample, suspended by string, cotton, silk or other fibre, 
were totally immersed in water or a salt solution, corrosion 
might be looked for at the points where the suspending fibre 
touched the steel. 

It seemed unlikely that the steel could be electropositive 
to all these other materials and that the local corrosion 
could be thus due to differences of potential between the 
steel and the supporting material, but in order to exclude as 
far as possible any such potential differences, tests were made 
in which a sample under test was supported only by a piece 
of similar material. In these tests, a short bar of the selected 
material was heat treated, machined or ground on all surfaces, 
and then cut in two, so as to produce two pieces approximately 
25 min. long and 10 mm. square. These pieces were generally 
polished on all sides with 00 Fortin emery paper, but in 
some cases (in order to provide as uniform a surface as 
possible) they were polished in the manner that metal 
sample's are prepared for microscopical observation. One 
piece was then placed in a suitable receptacle and the other 
cross-Muse over it ; in this way the samples were in contact 
on an area 10 mm. square on one of their longitudinal faces. 

Experiments were first made with a steel containing 
0-37 per cent, carbon and 11-2 per cent, chromium, i.e., of 
the cutlery ” type but rather higher in carbon and lower 
in chromium than usual. It was found that samples of this 
stc<'l, whether annealed, hardened, or hardened and tem- 
pered, if immersed in a beaker containing tap water, salt 
water or even recently-boiled distilled water, were invariably 
corroded on the contact area in less than 24 hours. Fig. 177 
shows the appearance of the contact faces of samples after 
24 hours’ immersion in tap water and a 3 per cent, solut.on 
of common salt respectively. 

It was found that the probability of corrosion occurring 
on the contact face was less if the fluid, in which the specimeiis 
were immersed, was in motion. For example, samples of 
the same steel placed in a dish through which a slow stream 
of tap water was flowing were quite unattacked after 21 days. 
The presence of some salts appeared to prevent attack, thus 
no corrosion was produced on samples immersed in dilute 



I'lolc XL 



. 12,1 



THE EFFECTS OF VARIOUS MEDIA 


827 


solutions of the following : — caustic soda, sodium carbonate, 
sodium bicarbonate, sodium sulphite, manganese sulphate, 
potassium bichromate and potassium nitrate. On tlie other 
.hand, solutions of sodium chloride, sodium sulphate, 
potassium chloride, potassium sulphate, magnesium chloride 
and magnesium sulphate appeared to increase the amount 
of corrosion. The presence of greasy matter also prevented 
attack ; thus no effect was produced on samples immersed 
(in contact with each other) for 6 weeks in a mixture of 
“ Philips Hydraulic Lubricant ” and water. 

The likelihood of corrosion occurring was found to 
decrease as the chromium content of the steel was increased ; 
thus whereas corrosion could frequently be detected at the 
contact surfaces of samples of the 11*2 per cent, chromium 
stc(‘l mentioned above after 2 hours’ immersion in a 3 per 
cent, solution of common salt, attack was not visible on 
sam]>l<*s of stainl(‘ss iron containing 14 per cent, chromium, 
similarly tested, after G weeks’ immersion and was only 
slight after 9 Aveeks. Samples of “ Auka ” steel were quite 
free from corrosion after 2 mouths’ contact in sea water. 

The probability of attack occurring was also less if the 
contact surfaces wer(‘ curved instead of flat ; thus two round 
bars, ] inch in diameter, of a 12 per cent, chromium steel 
were l(‘ft crosswise in contact in w^ater for several weeks 
without any attack being produced. 

Wliatevcr be the explanation of these peculiar corrosion 
features, and it seems probable that they arc connected with 
the brt'akdow'ii of the invisible protective oxide film (see 
page 259), this being pc^ssibly produced by differential aeration 
of the fluid, they furnish an explanation of some apparently 
mysterious cases of corrosion of stainless steel articles which 
have been noted from time to time. For example, a number 
of stainless steel knives wtTc observed to be pitted when they 
WTre taken out of stock. The steel w^as found to be of 
suitable composition and had been satisfactorily heat treated. 
The pitted blades, when test(‘d with vinegar, w^ere quite free 
from the slightest stain. Investigation showed that the 
knives had been stored for a long period in folding cloth 
cases, each knife in a separate pocket, and that the cloth in 
all probability had been damp. Prolonged contact of 
metal and damp cloth at a number of points had led to the 
pitting of the former at these places. 
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A more important manifestation of the same trouble 
was noted in certain steam and hydraulic-fittings made of the 
steel. The latter has been widely used for the valves, seats, 
and spindles of steam valves. Resistance both to corrosion, 
and erosion is desirable for the first two parts and the 12/14 
per cent, chromium steel, possessing these features in marked 
degree, has been most successful when employed for these 
purposes. The steel also behaved credi}.ably at first when 
made into spindles but, later, complaints were received that 
these were pitting badly. An explanation was soon 
forthcoming ; the earlier valves had been put into service 
almost immediately after they were manufactured and they 
were still in good condition after long periods of use. The 
success of these valves had naturally led both valve makers 
and users to stock valves, fitted with stainless steel parts, 
against future requirements. After assembly, such valves 
are almost invariably tested hydraulically, as a routine 
method of inspection. The testing saturates the asbestos 
packing with water and when the valve is subsequently put 
into stock for a long period, pitting is produced owing to 
prolonged stationary contact between steel and moist 
asbestos. Under such circumstances pitting is much less 
likely to be produced, under given conditions, with the 
16/20 per cent, chromium “ Twoseore ” steels than with the 
ordinary 12/14 per cent, chromium product. Austenitic 
chromium-nickel steels, of similar high chromium content, 
are still more immune, but it is probably safe to say that no 
manufacturer of stainless steels, who had had any consider- 
able experience in connection with their engineering use, 
would be prepared to guarantee that any form of this material 
would be perfectly immune from pitting if made into a spindle 
and left in contact with damp packing for long periods. 

It seems probable that the trouble would be entirely 
avoided if a greasy packing were used. It may be urged, of 
course, that such a packing is of no advantage in £i steam 
^ valve, as the grease would very soon be removed from the 
packing by the hot steam when the valve was in use. That 
however is not the point : spindle corrosion is practically 
unknown in valves which are in use, even when these are 
fitted with 12/14 per cent, chromium steel ; it occurs during 
the time the tested valve is kept in stock and the presence^ 
of gfease in the packing would minimise very considerably 
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the possibility of the spindle being attacked during this 
period* 

If packings containing graphite are used, corrosion 
Ij^oubles will almost certainly be accentuated, because this 
substance is electronegative to stainless steels. Damp 
graphite placed in contact with 12/14 per cent, chromium 
steel quickly causes electrochemical attack of the latter ; 
action is very much slower with both the higher chromium 
“ Twoscore ’’ and the austenitic chromium-nickel steels and, 
in numerous cases, both these classes of steel have been used 
satisfactorily with graphite packings. At the same time, 
entire absence of attack cannot be guaranteed in all circum- 
stances with these steels and particularly in the simultaneous 
presence of sea water. A greasy graphite packing, however, 
may be satisfactorily used with all these types of stainless 
steel ; in many cases, a packing of this type would appear 
to be preferable, on general grounds, to one free from grease. 

Many modern packings are compounded with rubber 
and sometimes serious trouble is caused owing to the high 
sulphur content of the rubber used. The author has met 
with some samples of packings whose sulphur content 
exceeded 4 per cent, of their total weight. The use of such 
packings should be avoided ; they are liable to cause 
almost any type of stainless steel to corrode, particularly 
if, owing to a very brief vulcanising treatment, most of the 
sulphur in the rubber exists free. 

Probably the most troublesome form of electrochemical 
attack which has been experienced with stainless steels is 
that due to contact with copper and its alloys. These 
metals are decidedly electronegative to tlie 12/14 per cent, 
chromium steels ; hence, if they are in contact with the 
latter in the presence of an efficient electrolyte, corrosion of 
the steel may be looked for. An electrolyte is, of course, 
necessary for electrochemical action and this accounts for 
the absehce of any such action in steam equipment. For 
example, scats of steam valves made of 12/14 per cent, 
chromium steel are perfectly satisfactory even though they 
be screwed into bronze (or other copper alloy) valve bodies. 
Condensed steam also causes little or no trouble for the same 
reason, but saline waters act very efficiently as electrolytes 
and, if present at the contact surface, soon lead to the steel 
being selectively attacked. Fig. 178 — ^representing a 12/14 
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per cent, chromium steel bolt after immersion, in contact 
with a bronze nut, for some time in the Manchester Ship 
Canal- - illustrates the ravages produced by electrochemical 
effects due to contact with copper alloys. 

A distinctly higher chromium content gives very much 
greater resistance to this form of attack ; e.g., samples of 
“ Twoscorc ” steel have shown no signs of corrosion after 
6 months’ contact with bronze while immersed in sea water, 
conditions which frequently produce distinct attack on the 
lower chromium steels in a few days. A still greater degree 
of immunity is obtained by using the austenitic steels; in fact, 
when correctly heat treated, the “ Anka-Staybritc-V.2.A.” 
steels appear to resist this form of attack almost 
completely. 

Steam. Neither saturated nor superheated steam, up 
to a temperature of about 6.50®(\, has any action on stainless 
steel ; hence these materials have been widely used for 
steam fittings. In many cases, the 12/14 per cent, chromium 
variety is used on the score of economy and also because its 
range of mechanical properties and ready response to heat 
treatment processes renders it particularly adaptable for 
engineering work. The value of the steels in steam plant 
is enhanced by their good resistance to the erosive action of 
a steam jet. The comparative behaviour of the 12/14 per 
cent, chromium steel (0-3 per cent, carbon), ordinarj^ steel 
and phosphor bronze is illustrated in Fig. 179. Small flat 
samples of these materials were held in a wooden frame, each 
specimen I inch from a jet, inch in diameter, through 
which steam was blown at a pressure of 120 lbs. per square 
inch. The test was continued for 200 hours, tlie appearance 
of the samples at the end of the test being shown in Fig. 179. 
The stainless steel specimen, which was in the hardened 
condition, was practically unattacked, the only effect being 
a barely perceptible discoloration. On the other hand, 
the samples of ordinary steel and of phosphot bronze 
were deeply eroded where the steam jets had impinged on 
them. 

The absence of electrochemical attack on even the 
12/14 per cent, chromium steel when in contact with copper 
alloys in the presence of steam has already been commented 
on. For the purposes of testing the possible action of such 
alloys and also a bearing metal, small samples of a 12/14 per 
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cent, chromium steel were tightly embedded in pieces of 
each of the following alloys* : — 


Percentage Composition. 



Copper. 

Tin. 

Zinc. 

Lead. 

Xickel. 

Anti* 

inony. 

Gun-nietfil ... ... 

88 

10 

2 






Copper-nickel Alloy ... 

53 

8-5 

9 

14 

14 

1*5 

Metallic Packing 

— 

20 

— 

65 

— 

15 


The duplex samples were exposed, in a steam pipe, to 
the action of steam at tSGOT. for a period of 3 weeks. During 
each week, the boilers were working for 4- days and were 
shut down during the week-ends. The samples were thus 
exposed for 12 days to the action of hot steam and during 
the week-ends (9 days in all) to the damp atmosphere of the 
comparatively cold pipe. At the end of the test, the only 
visible effect on the stainless steel sam])les was the 
production of a dark straw temper colour. Both the gun- 
metal and the nickel alloy were tinted more deeply than the 
stainless steel, while the metal packing was distinctly 
attacked, producing an etched surface. 

As is well known, steam and ordinary steel react at a 
low red heat producing hydrogen and iron oxide. The speed 
of this reaction increases with temperature, but it has already 
become so noticeable at 500''C. as to limit the degree of 
superheating of steam to temperatures below this unless a 
more resistant metal is used, e.g., for the tubes of 
superheaters. The incidence of this reaction can be delayed 
until considerably higher temperatures are reached if stainless 
steel be substituted ; for example, no appreciable formation 
of hydrogen takes place when steam is in contact witli stain- 
less iron (12/14 per cent, chromium) until the temperature 
reaches about 650/700°C. Some experiments carried out 
at Brown Bayley’s Steel Works may be briefly described. 
Steam at 160 lbs. per square inch pressure w^as superheated to 
750°F. (399^^0.) and then passed through the coil of tube 
under test which was heated electrically to 1,000°/1,040^C. 

* The duplex samples were prepared in the following manner. A hole was 
drilled in a disc of the alloy and a piece of the stainless steel, machined to a driving 
fit in the hole, was driven into this. By this means, metallic contact between 
alloy and stainless steel was obtained. 
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(588°/560'’C.), as indicated diagrammatically in Fig. 180. 
After leaving the test coil, the steam expanded through a 
stainless steel jet into an expansion chamber and then passed 
through a condensing coil, terminating in a trap where any 
hydrogen contained in the steam was collected and measured. 

RESISTANCE TOR 

PRESSURE GAUGE TEMPERATURE 



The steam which passed through a test coil of mild steel tube 
in 4 hours contained i a litre of hydrogen. On the other 
hand, when test coils of stainless iron and “ Anka ” steel 
were subsituted, no hydrogen was produced, although 
the experiments were continued for 223 and 1,176 hours 
respectively. 

Aqueous Solutions of Salts. It may be doubted 
whether the results of laboratory experiments in which 
samples of stainless steel (or any other metal) are totally 
immersed in salt solutions, contained in beakers or other 
receptacles at atmospheric temperature are of any great 
practical value except in so far as they indicate whether 
attack does or does not take place and, if it does, whether 
immediately or slowly. The results obtained simply refer 
to the conditions under which the tests are carried out and 
will vary as these conditions vary, so much so that the 
relative rates of corrosion of a number of samples which were 
mpre or less attacked by a given solution might alter to a 
considerable extent if changes were made in the conditions 
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of the test, such as, for example, duration, depth under 
surface of liquid, method of support, or temperature. 
When corrosion takes place in stainless steels under such 
conditions of test, it frequently starts at the point of support 
and often is entirely confined to that point. In such cases, 
therefore, the amount of corrosion or even the presence or 
absence of corrosion, will depend on how a sample is supported ; 
and conditions in which it rests against the bottom and sides 
of a glass beaker, or on a layer of paraffin wax, or is supported 
by a glass hook, or suspended by a piece of cotton or other 
fibre are not likely to occur in the practical application of 
stainless materials ! It is not intended, therefore, to give 
details of how particular samples of stainless steels behaved 
when completely immersed in aqueous solutions of various 
salts. Speaking generally, it may be said that many such 
solutions have little or no effect on stainless material and 
when corrosion does take place, it proceeds very much slower 
than with ordinary mild steel. 

Solutions of the following salts, among others, appear 
to have no direct action on any form of stainless steel which 
is completely immersed in them. Corrosion of the sample 
at the point of support, when this is below the level of the 
liquid, and also local pitting are apt to occur with solutions 
of the salts marked with asterisks ; in either case, the liability 
for such attack to take place, and its extent when occurring, 
depend on composition in much the same way as the pitting 
produced by sea-water. 


Alkaline Bicarbonates. 

„ Bichromates 
„ Carbonates. 

„ Cyanides 
,, Nitrates 
„ Nitrites. 

„ ’ Permanganates. 
„ Phosphates. 

„ Sulphites. 
Ammomium Oxalate. 

„ Persulphate. 

„ Phosphate. 

Copper Acetate. 

„ Nitrate. 


Copper Sulphate. 

Ferric Nitrate. 

„ Sulphate. 

Ferrous Sulphate. 

Lead Acetate 
♦Magnesium Chloride. 

♦ „ Sulphate. 

Manganese Sulphate. 
Potassium Chlorate. 

„ Chloride. 

„ Ferricyanide. 

♦Sodium Chloride, 

„ Sulphide. 
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Dilute solutions (e.g. 5 per cent,) of ammonium sulphate, 
sodium sulphate and potassium sulphate have also no action 
on stainless steels but stronger solutions of these salts, 
e.g, 25 per cent. — have a slight action on the 12/14 percent, 
chromium steels though they have no effect on the austenitic 
alloys. Aluminium sulphate and potash or ammonia alum 
have a rather more pronounced effect on the 12/14 per cent, 
chromium steels, some action being pK>duced even with 
5 per cent, solutions, but again they have no action on the 
austenitic alloys. Solutions of ammonium chloride have 
generally no effect on the high chromium “ Twoscore,” or 
the austenitic steels but they are likely to cause pitting in 
the lower (12/14 per cent.) chromium steels and irons. 

On the other hand, solutions of ferric chloride, copper 
chloride and mercuric- chloride* will attack any form of 
stainless steel, the attack being general with stronger solutions 
and often local, leading to pitting, with those more dilute. 
Solutions of bleaching powder, unless very dilute, are 
also likely to produce pitting in any form of stainless 
steel. 

Ability in a metal to withstand cold solutions of various 
salts, when completely immersed in the latter, is not of very 
great interest to the chemical manufacturer in search of 
resistant metals for the construction of plant. His solutions 
arc generally hot and he frequently wishes to concentrate 
them. There is likely to be a liquid-air interface in some 
part of the apparatus and experiment shows that when 
samples of stainless steel are only partially immersed in 
various salt solutions— particularly of chlorides and sulphates. 
— attack is more likely to occur at the level of the liquid 
then elsewhere, especially if the location of this level is fairly 
constant. Such attack takes the form of pitting and, 
generally speaking, is less likely to occur in the austenitic 
chromium-nickel steels than in nickel-free steels of similar 

* A very dilute Folution of mercuric chloride ( 1 : 1000) is occasionally used as an 
antiseptic. "For example, instruments may be immersed for a short time in such a. 
solution immediately &fore being used surgically. No appreciable effect would 
thereby be produced on even the 12/14 pr cent, chromium steels, and instruxhents 
made of such steels could quite safely be sterilised in this manner. If, however, 
the instruments were left for a long time in the solution, or if after being sterilised 
they were allowed to dry and then put awa^ for some time, with minute particles 
of merouiie chloride adliering to them, it is possible that minute pits would be 
formed on the steel surface, an undesirable feature in a surgical instrument. A 
similar effect would also be most likely produced if the mercuric chloride solution 
were used at boiling point and the instruments left in, e,g„ for fifteen or twenty 
minutes. 



THE EFFECTS OF VARIOUS MEDU 


8S5 


chromium content. Probably the most severely corrosive 
conditions, with any given salt, are to be met with in 
evaporators or similar plant in which hot moist crystals of 
the salt are formed and are deposited on various parts of the 
metal equipment ; where this occurs, pitting may be produced 
even with salts (especially if these be chlorides or sulphates) 
which normally have no action on the particular form of 
stainless steel used.* 



Ftq. 181 . Apparatus for testing with boiling salt solutions ; variable 
concentration. 

A useful form of test which gives information as to the 
resistance’ of the steels to boiling solutions of a salt, over 
a wide range of concentration, may be obtained by means 
of the apparatus shown in Fig, 181 , which also has the 
merit of requiring little attention during the progress of 
a test. The samples are placed in the flask A together with 
a sufficient amount of a dilute solution of the salt in question 
to cover them completely. On boiling the solution in A, 
the steam is condensed and runs back into the receiver B ; 
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when sufficient has collected in the latter, the syphon 
functions and returns the condensate* to A. After a pre- 
liminary adjustment of the amount and strength of the 
solution used and also of the capacity of the reservoir B 
before the liquid contained therein syphons back into A, the 
samples under test may be made to pass through a cycle of 
corrosive conditions from a dilute solution of the salt used 
to a moist paste of the hot crystals. • By controlling the 
rate at which evaporation takes place in A, this cycle may 
be made to occur quickly or slowly. A summary of the 
results obtained by testing various types of stainless steels 
in an apparatus of this kind, using different salts, are given 
in Table LXXV. As a rule the cycle of changes occupied 
about three hours and each test was continued for 
seven days. 

A still more severe form of test, and one which reproduces 
reasonably well the conditions obtaining in many evaporators, 
may be devised somewhat on the following lines. The 
sample, preferably in the form of rod or strip four inches or 
so long, is suspended vertically in a tall bottle or jar, eight 
or ten inches high, so that its lowest point is about two inches 
above the bottom of the jar. A sufficient amount of a dilute 
solution of the salt is then poured into the jar so as to cover 
the sample completely. The jar is then placed in a water ' 
bath (preferably fitted with an automatically controlled 
water supply) whose temperature is maintained at about 
80® or 90° C. The solution in the jar gradually evaporates 
and this is allowed to continue until the liquid level falls 
below the sample. The jar is then filled up again with the 
solution and the process repeated until the fluid in the jar 
becomes so concentrated that crystals of the salt deposit 
freely on the sample and the bottom and sides of the jar as 
evaporation proceeds. The process is then continued by 
filling up with distilled water instead of salt solution. In 
a test of this description, the sample is exposed to all strengths 
of the salt solution and also to a deposit of the hot, moist 
crystals. The test may with advantage be continued for 
three to six months. An inspection of the sample at the 
end of that time will give a very reliable indication of the 
likely behaviour of the steel in practice. 

Tests made under these conditions showed that high 
chromium stainless iron (16/20 per cent, chromium) and the 
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Table LXXV. 

Action of Boiling Salt Solutions {varying concentration, seepage 885). 


* Steels used. 

Carbou | 

% 1 

Chromium 

% 

Nickel 

Molybdenum 

% 

A. 

009 

13-5 

0*30 



B. 

(i-UT 

15*7 

0*16 

— 

c. 

012 

I4’9 

10-7 

— 

D. 

0'li» 

20-2 

8-8 

— 

E. 

U*1S 

17-2 

101 

342 


Sait. 

steel. 

1 1.088 1 
in welRht 
(grams per 
sq. m. 
per hour). 

Alum (Potash) 

A 

258 

B 

4*7 


V 

0-2 


1) 

8-0 


E 

013 

Alum (Ammonia) .. 

A 

70 

U 

lib 


0 

00 


D 

305 



()'08 

Aluminium Sulphate.. 

! A 

32-9 

! B 

(1-8 


i c 

.3-4 


! i) 

20*2 


E 

0-2 

Barium (Chloride 

A. B 

nil 


(\ I), E 

nil 

Calcium Chloride 

A. B, D 

nil 


Ck E 

nil 

Copper Sulphatt* ... 

A 

009 


B 

0-02 


C. IL E 

nd 

Ferric Sulphate 

A 

25-3 

B, C 

nil 


i) 

0-21 


K 

nil 

Fen-ous Sulphate ... 

A 

1*73 

B 

0*03 


C. 1). E 

nil 

Potassium Meta- 

A 

002 

bisulphato 

B. D 

0 E 

0*005 

nil 

nil 

Potassium NitraU* 

A, b! C, D, E 

Sodium Acetate 

A, B, C. D, E 

nil 

Sodium Carbonate 

A, B. 0, B, E 

nil 

Sodium Chloride 

A 

No weigh - 
able loss 


B, C, D, E 

nil 

Sodium Nitrate 

A, B, C, D E 

ml 

Sodium Nitrite 

A, B. C, D. E 

nil 

Sodium Sulphate 

A, B. C, B, E 

nil 


Appearance of Sapaple. 


Badly attacked. 
Attacked. 

Stained black. 

Attacked. 

Stained blai^k. 

Badly attacked. 
Attacked. 

Roughened ; email pits. 
Attacked. 


Slightly roughened. 

Badly attacked. 

Attacked. 

Attacked. 

Badly attacked. 

Etched light grey. 

A few minute pita on (^ach. 
No attack. 

A few minute pits on each. 
No attack. 

Blackened 
Lightly etched 
No attack. 

Badly attacked. 

Slightly stained. 

Etched. 

No visible otfect 
Blackened and roughened. 
Stained. 

Slightly stained. 

Blackened. 


I Slightly 


stained. 

No attack. 

No attack. 

No attack. 

Slight attack where in con- 
tact with the glass flask. 
Very slightly stained 
No attack. 

No attack. 

No attack. 
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austenitic steels of the “ Anka-Staybrite-V.2.A. ” type were 
satisfactory with, for example, solutions of caustic soda 
and sodium sulphide, but that pitting was produced in 
both classes of material (even when containing up to 20/21 per 
cent, chromium) by solutions of ammonium sulphate, 
ammonium chloride, magnesium chloride or sodium chloride. 
The pitting was generally less in the case of the austenitic 
steel than the stainless iron ; it was alsg reduced in amount 
by the addition of copper or molybdenum to the austenitic 
chromium-nickel steels, but no type of steel was found to be 
entirely immune from pitting after testing in these four salt 
solutions in the manner described for a period of six to eight 
months. 

It is not to be inferred that the amount of pitting referred 
to above is sufficiently great to prohibit the use of the various 
steels in practice. This is far from being the case ; actually 
various types of these steels are being used successfully for 
dealing with one or other of the salts mentioned. For 
example, a considerable amount of the austenitic type of steel 
has been employed in the construction of plant for the 
manufacture of ammonium sulphate ; similarly, solutions 
of sodium chloride are being satisfactorily handled either by 
these steels or by the irons orhardenable steels containing 16/20 
per cent, chromium, but it should be realised that perfect 
immunity from attack during prolonged use cannot be 
guaranteed. 

In the ease of ammonium sulphate, matters are some- 
what complicated by the tendency of this salt to dissociate 
when its solutions are boiled, as a result of which the latter 
become sliglitly acid. For this reason, the austenitic 
chromium-nickel steels are preferable for handling this salt 
as they have a greater degree of resistance to very dilute 
solutions of sulphuric acid than the plain chromium irons 
and steels. 

Ammonia and Alkalies. Solutions of. ammonia 
of all concentrations and at all temperatures appear to have 
no action on any form of stainless steel ; the latter also re^in 
their lustre indefinitely when exposed to damp atmospheres 
containing ammonia. 

Caustic alkalies have no action on stainless steels at 
ordinary temperatures. At higher temperaUires — e.^., 
80/110° C. — dilute solutions have also no effect on any 
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stainless steel but the effects produced with stronger solutions 
— e.g., 80 per cent. «r over — depend on temperature, con- 
centration and the type of steel used. Thus the 12/14 per 
cpnt. chromium steels are attacked slightly by a 80 per cent, 
solution at 100/110® C. and more rapidly by a 50 per cent, 
solution at the same temperature. In both cases the rate of 
attack is less on a stainless iron containing 15/16 per cent, 
chromium and is either nil or negligible on the austenitic 
steels. Soriie values obtained experimentally are given in 
Table LXXVI. 


Table LXXVI. 

Action of Caustic Soda on Stainless Steels. 


Comt»o9ltion of 

Temperature 

of 

Test. 

StreuRth of Solution. 

Carbon 

-0 

Chromium 

Xlckel 1 
% 

0% 

80% 

50% 

019 

12 0 

0*21 

100/110® €. 

nil 

0*15 

1*08 

008 

15-4< 

i o;30 


nil 

0*11 

0*59 

01 0 

15*t 

11*4 


nil 

nil 

0*04 

01 8 

15-9 

11*0 

Boiling 


— 

3-8* 

0-10 

17-2 

10*0 


— 


2-8* 

018 

20*2 

8*8 

- 

— 

— 

2-8* 


* The solution was concontratod to about two-thirds of its original volume 
during the test. 


It will be noted that a 50 per cent, (or rather stronger) 
solution has a distinct action at boiling-point on the austenitic 
steels. Further concentration of such solutions leads to 
a still greater attack, the effect being quite marked with, 
e.g., a mixture of 70 per cent, caustic soda and 80 per cent, 
water at a temperature of SOO"" C. or so. 

Vinegar and Fruit Juices. The use of stainless steel 
for cutlery purposes has been the cause of the very general 
use of vinegar as a kind of test reagent for stainless material, 
and its effects, or lack of them, have been referred to several 
times in the preceding pages. 

Commercial vinegars vary to some extent in their 
corrosive action. The tests which are quoted in this book 
ifere obtained by the use of pure malt vinegar, of good 
commercial quality, containing four to five per cent, of 



840 


STAINLESS IRON AND STEEL 


acetic acid. Some commercial products, however, contain 
distinct amounts of sulphuric acid^ such ‘‘vinegars” 
have a distinctly greater action on stainless material 
(particularly the 12/14 pet cent, chromium steels and irons) 
than the pure article. 

The vinegar test with stainless steel is most usually 
carried out by placing a drop of the vinegar on a polished 
surface of the steel to be tested and allowing the drop to 
dry naturally ; generally the sample is left over-night 
undisturbed. After the dried remains of the vinegar have 
been removed by washing, the surface of the steel is examined 
for any signs of a stain ; such a stain, when produced, 
generally takes the form of a grey mark on the polished 
surface, the vinegar having then an etching action. The 
“ spot ” test described above is a more severe test than that 
obtained by immersing the sample in vinegar for twelve 
or twenty-four hours. 

Stainless steel containing about nine per cent, of 
chromium and upwards and with the ordinary carbon 
content for cutlery, i.e., about 0-8 to 0*4 per cent., when 
suitably hardened is entirely unaffected by the vinegar 
spot test. The hardening temperature required to produce 
stainlessncss will be in the neighbourhood of 1,000° C. 
when the chromium content is about 9 per cent, but falls as 
the percentage of chromium rises. On tempering such 
suitably hardened material, no appreciable effect on the 
resistance to the vinegar test is produced up to a temperature 
of about 500° C. ; after tempering at still higher temperatures, 
however, it will probably stain unless the chromium 
content exceeds about 18 per cent, in the case of steel con- 
taining 0*3/0 -4 per cent, carbon. The amount of chromium 
required, however, decreases with carbon content so that 
10/11 per cent, is sufficient for stainless irons. A similar 
content also suffices for the austenitic chromium-nickel 
steels. 

The effect of varying chromium content on the resistance 
to staining of steels of cutlery temper is illustrated iii Figi 182, 
in which are shown the results of testing specimens of such 
material after suitable hardening followed by tempering 
at the temperatures indicated. 

When the steel is in the annealed condition a still greater 
amount of chromium is required (for any given carbon 



Pluk XLII 


Tcwpebiwc 
Temp, “c 

700 - 

600 - 


500 - 



I I I 

^ los 12:2 

Chromium 7, — 


14-4 


Kk.. IH2. KfiVcl of chrotimini rm tlu* ivsistnncr to stainiii^^ by 

\iiu>Mr, of Nt^lllll^•^s sti'cls of cutlcrv tompr, afloi liardi'niii}.' and tlii'ii 
li'injwnn^ as indnatrd. 


ri’i) lace i)fW‘ Hto. 



THE BEPffiCTS OF VAKIOtJS MB0IA Ul 

content) in order to induce stainlessness; an exj^ple of 
this was given on page 275. 

The use of vinegar as a test reagent for steel for cutlery 
purposes and for finished stainless cutlery is justified from 
the fact that vinegar is probably one of the most corrosive 
materials which such cutlery will have to resist in its ordinary 
use. The use of vinegar as a test for similar types of materials 
which are to be used for purposes other than cutlery, however, 
has not the same justification and although it has advantages 
in indicating in a general way the combined effect of varying 
composition and heat treatment, its indications do not 
determine whether or not a given sample will corrode when 
exposed to other media, e.g., ordinary tap water. For 
example, a drastically annealed sample of steel containing 
0*32 per cent, carbon and 12*2 per cent, chromium, which 
stained badly when tested with vinegar in the manner 
described above, was immersed in tap-water for ten months 
without showing the least sign of attack. 

Although the 12/14 per cent, chromium steel used for 
cutlery purposes is sufficiently immune from the attack of 
vinegar to function adequately for table use, it is attacked 
very slightly by hot vinegar. The amount of attack S(S 
produced, while being so slight as to have no noticeable 
effect on the steel itself, is sufficient to cause trouble if 
the latter be employed for the construction of plant used for 
the manufacture of sauces and pickles. The minute traces 
of iron dissolved from the steel affect quite noticeably the 
colour of the pickle. This trouble is entirely avoided, 
however, by using the higher chromium materials (such as 
the “ Twoscore ” steels or the high chromium irons) or the 
austenitic alloys of the “ Anka-Staybrite ” type. 

Fruit juices in general have an effect on stainless steel 
similar to that of vinegar, although the degree of their 
corrosive power probably varies to some extent. 

It is ‘interesting to note that the acids found in vinegar 
and fruit juices, when used in the form of pure solutions, 
have generally a distinctly greater effect on 12/14 per cent, 
chromium steel than the corresponding natural juices. Thus, 
as will be seen later, a solution of pure acetic acid in water, 
of the same strength as that in vinegar, has a much greater 
effect than the latter on these steels ; similarly, although 
lemon juice does not attack a stainless steel knife blade, 
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a solution of pure citric acid of the same strength exerts 
a distinct though slow corrosive action on the same 
metal. 

The reason for the difference between the effects cf 
vinegar or natural juices as compared with the pure acids 
contained in them lies, in all probability, in the fact that the 
natural products contain organic compounds in colloidal 
form. Such colloidal solutions have been found to exert 
a retarding action on the attack of other metals under diverse 
conditions ; for example, very dilute solutions of starch 
or of egg albumen, in both of which the organic matter 
is in a colloidal state, corrode ordinary steel much more 
slowly than does water free from these colloids. This 
retarding action increases with the amount of colloid present 
aiul, as Dr, Friend has pointed out,* it has a very considerable 
practical importance ; thus most culinary operations deal 
with substances more or less colloidal in character 
and these, by passing into the water used in such 
operations, retard considerably the corrosion of the cooking 
utensils. The noteworthy point, however, in connection 
with stainless cutlery is not so much the fact that retardation 
of corrosion occurs, but that this retardation is sufficient 
to prevent entirely the action of the natural juices on the 
stainless material when the latter has been suitably heat 
treated. 

Nitric Acid. It is no exaggeration to say that the 
greatest chemical use of stainless steels has been in connection 
with the nitric acid industry ; when containing a sufficient 
amount of chromium, they possess very good resistance to 
the attack of all concentrations of nitric acid and, as a con- 
sequence, hundreds of tons of one form or another of the 
steel have been used in the construction of plant for the 
manufacture and handling of this acid. 

All types of stainless steel do not behave equally well 
with the acid, however, nor is the degree of resistance 
possessed by particular steels entirely unaffected by variations 
in their structural condition ; hence the effects produced by 
these two variables— composition and treatment — on the 
response of the steels to nitric acid of various concentrations 

and at different temperatures merit a detailed consideration. 

« 

♦ The Corrosion of Iron,” J, N. Friend. Carnegie Sobol. Mem. (Iron and 
StQel Inst.), 1922. p. 144. 
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It is common knowledge that dilute solutions of nitric 
acid (e.g., 5 or 10 per cent.) have a marked attack on ordinary 
mild steel and that as the concentration of the acid increases, 
its rate of attack rises rapidly, reaching a maximum when 
the solution contains 80/85 per cent, of tlie acid and has 
a specific gravity of about 1*20 ; the action is then violent. 
Increasing the acid strength still further (e.g., to a specific 
gravity of 1:3/1-35) causes the rate of attack to decrease 
rapidly owing to passivity effects and the ordinary com- 
mercial concentrated acid (S.G. 1*42) has practically no 
action on the steel at atmospheric temperature. 

The addition of a considerable amount of chromium 
to steel results in the range of acid concentration producing 
passivity effects being very considerably extended. For 
example, the maximum rate of attack on steel containing 
12 per cent, chromium and 0*3 per cent, carbon occurs with 
acid of about normal strength, the results obtained on such 
a steel being set out in Table LXXVII together with others 
given under comparable test conditions by ordinary mild 
steel. 

Raising the temperature of the acid to 80^/85° C. increases 
very considerably the rate of attack of the very dilute acid 

Table LXXVII. 


Rate of Attack of Nitric Acid on Stainless Steel and 
Ordinary Mild Steel. 




Mark, 

Carbon 

O' 

/o 

Chromium 

% 





A 


0*32 


12*2 




B 


0*35 


nil 


strength 

of 

Add, 

Rate of attack . grams jxir sq. m per hour. 


15“ C. 


80** 

c. 


Boiling. 


A. 

B, 

A. 


A. 

B, 

N 710 

40 


6*8 


51 




380 

— 

N/5 

65 


17*4 


87 


— 

720 

— 

N 72 

IM 


85*0 


151 


— 

985 

— 

N 

15-3 


221 


55 


800 

800 

5,500 

2N 

— 


467 


2*4 


860 

86 

10,000 

5N 

0*1 


6,000 


0*8 


— 

27 

— 

SG. 1-42 

nil 


0-5 


1*8 


360 

52 

15,000 
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on such a stainless steel but has much less effect when the 
acid strength is between N and 5N. At boiling point, the 
acid has a still greater effect on the steel at all concentrations, 
as will be seen from Table LXXVII. 

It will also be noted that the passivity, which is so 
marked a feature of mild steel when immersed in concentrated 
nitric acid, does not persist when the latter is heated ; the 
action of boiling acid of specific gravity 1 *42 is extremely rapid . 
Stainless steels are by no means immune under the latter 
conditions and, as will be seen presently, even alloys of very 
high chromium content are attacked, though only at a slow 
rate. 



Grams COPPER o r IRON- per litre 
( AS KIITRATES ) 


Fig. 183. Effect of copper nitrate and ferric nitrate on the rate of 
attack of normal nitric acid on etainless steel. 

Curve A. CcpiJer nitrato. 
ft B. Ferric nitrate. 


Passivity effects are also by no means entirely absent 
even in the case of the very dilute acid and, as a result, the 
action of nitric acid on stainless steels has a number of 
interesting features. As these have a very considerable 
influence on the results which may be obtained from corrosion 
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tests, it will be Useful to consider them in some detail before 
inroceeding to the question of rate of attack in relation to 
composition and treatment of the steel. 

, Observation of a sample of a 12 per cent, chromium 
steel, placed in acid of normal strength, or thereabouts, 
will show that the rate of attack of the acid apparently gets 
slower and slower as time goes on ; eventually action may 
cease altogether. It seems very probable that this effect 
is due, at least in part, to the ferric nitrate which is one of 
the products of the attack of nitric acid on the steel. If small 
amoimts of this salt are added to the acid, before the steel is 
placed in it, the initial rate of attack on the latter is greatly 
retarded and if sufficient of the nitrate is present, the acid 
no longer has any action on the steel. The results of an 
experiment with a steel containing 0*3 per cent, carbon and 
12*6 per cent, chromium are plotted in curve B in Fig. 183, 
and from this it will be seen that the presence of 5 grams of 
iron per litre (equivalent to 21*6 grams of ferric nitrate) was 
sufficient, in this case, to prevent entirely the action of the 
acid on the steel. 

It may be mentioned that copper nitrate has a precisely 
similar action ; curve A in Fig, 183 gives the results of tests 
carried out with this salt in a similar manner to those with 
ferric nitrate. 

As ferric nitrate is formed when stainless steel is attacked 
by nitric acid, it follows that the results of laboratory tests 
on the effect of this acid on these steels will depend very 
largely on the manner in which the tests are carried out, such 
factors as bulk of acid used and duration of attack being of 
special importance. The extent to which results are 
influenced may be judged by the figures in Table LXXVIII. 
These relate to experiments in which a number of similar 
samples were tested for various times under otherwise 
similar conditions. For the results given in column A, 
samples of the steel were placed each in a relatively small 
bulk of acid (40 c.c.) and action had practically ceased at the 
end of twenty-four hours. The figures in column B relate 
to tests on similar samples placed in a very much larger 
bulk of acid (5 litres) and here the effects of time are not 
nearly so marked. A distinct retardation with time has 
also been noted in the rate of attack of N/5 acid at 80® C. on 
stainless iron containing 12*7 per cent, chromium. 
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Table LXXVIIL 

Attack of Normal Nitric Add on Stainless Steel, 



Carbon 

% 

Chromium 

% 


0-32 

12*2 

Duration of Attarik. 

Mean rate of attack : grams per sq. m. per hour. 

A. Each sample in 

40 c.c. of acid. 

B. Samples suspended in 

5 Uties of acid. 

8 hours 

15*1 


28*5 

6 ,, 

11*2 


36*7 

‘24 

2*8 


20*5 

72 „ 

0-9 


14*0 


It follows from these results that comparative tests as 
to the rate of attack of nitric acid on different steels should 
always be carried out under identical conditions, particularly 
as regards size of sample, bulk of acid and duration of test, 
otherwise the results may be entirely misleading. Also, 
laboratory tests of a relatively short duration are to be 
preferred to those occupying a longer time (unless special 
arrangements are made to renew the acid repeatedly), as 
the former are likely to give values more nearly approaching 
those realised in practice where the acid in contact with the 
m( tal is constantly changing. 

The passive state produced by long continued action 
of a small bulk of acid is retained if the sample of steel is 
removed from the acid, well washed and dried, and then 
placed in fresh acid. The passivity is also retained by the 
dry sample for long periods. For example, samples of 
a 12*2 per cent, chromium steel which had become passive 
.owing to three days immersion in normal nitric acid and 
were then washed and dried, were found to be still completely 
passive to fresh acid of the same strength after they had 
been kept for seven weeks. 

Passivity is also produced if samples are taken out of 
the acid during the first few hours of immersion, while 
attack is still progressing, and washed and dried. If 
they are then immediately put back into acid, no further 
action takes place. If such samples are allowed to remain 
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dry, however, they lose their passivity during the course 
of a few hours. The- passivity is not affected if the samples, 
on taking out of the nitric acid, are rubbed with cotton wool 
during washing. 

The passivity produced in stainless steels by the action 
of nitric acid also retards, and may altogether prevent, the 
subsequent attack of dilute sulphuric or hydrochloric acids 
on the steel. An example of this action in the case of *‘Anka 
steel has already been noted (see page 260) ; in this case 
dilute sulphuric acid had no action on the passive sample. 
The effects are less permanent in the case of the plain 
chromium steels, probably owing to the latter being more 
readily attacked by hydrochloric and sulphuric acids than 
the austenitic steels. For example, samples of a 12 per cent. 
chromi\im steel made passive by the action of nitric- acid 
were placed in 5 per cent, sulphuric acid and were only very 
slowly attacked at first ; the rate of attack, however, 
gradually increased and at the end of three or four hours 
the samples were being attacked at the normal rate. With 
10 per cent, hydrochloric acid, passivity similarly disappeared 
in about two hours. 

The effect of varying chromium content on the rate of 
attack of nitric acid has been studied by several investigators. 
Monnartz’s results,* on alloys containing up to 20 per cent, 
chromium, may be summarised as follows : — 

(1) In the case of alloys containing up to 4 per cent, 
chromium, resistance to dilute nitric acid diminishes as 
the chromium content increases. On the other hand, 
resistance to attack by the concentrated acid becomes 
greater. 

(2) Resistance to dilute nitric acid increases very 
rapidly as the content of chromium rises from 4 to 14 per 
cent. 

(3) As the chromium content rises from 14 to 20 per 
cent, the resistance to dilute acid continues to increase, 
but only slowly. 

Giiertler and W. Ackermamif came to the conclusion that 
complete passivity occurred in the iron-chromium alloys 
when the ratio of chromium to iron atoms was greater than 
1 : 8 (i.e., when the chromium exceeded 11-74 per cent.) thus 

• • Vol. vni, pp. 161.176, 196-201. 

t Ztit /w. Jfetottfr., Vol. XX, 1928, p. 269. 
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following Tammann’s* theory that the suseeptibility to 
chemiflftl attack of binary solid solutions of metals changes 
abruptly at certain values of the composition, these criticid 
values being found when the atomic proportions of one of the 
metals amounted to one-eighth of the whole or to some 
integral multiple of that fraction. Guertler and Ackermann, 
however, tested their alloys with nitric acid of two strengths 
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Eesults obtaiiied by the authcnr oa a series of low carbon 
ixon-efaronnum alloys indicate that the amount of ditomium 
required to induce pasavity varies isinsiderably with strength 
of add and temperature. This is evident from the results 
given in Table LXXIX. The values obtained with add 
of S.6. 1*20 are particularly interesting and the dependence* 
on temperature is strikingly evident in Fig. 184, wherein 
the data relating to this particular acid are plotted. 


Table LXXIX. 

Effect of Chromium Content on the Rate of Attack of 
Nitric Acid on Steel, 

Rates of attack in grains per sq. ra. per hour ; duration of each 
test, 24 hours. 


Streugth of Acid and Tcmperatiiro. 


Composition 
oi Alloy. 

N/IO. 


X. 


8.0. 120. 


8.0. 

1;4S. 


ChTo* 










40* C. 

Csrlioii 

% 

miiim 

% 

15* C, 

Doillns 

15* C. 

HO* C. 

Boiling 

15* C. 

HO* C. 

Boiling 

16* C. 

0-16 

nil 

120 

— 

54 





12.600 





1*01 

6*62 

0*14 

4*72 

11*5 

— 

64 

— 

— 

16*4 

— 

— 

0*07 

0*26 

0*12 

6*2 

13*6 

— 

62 

— 

— 

0*64 

755 

— 

0*07 

0'16 

0*09 

7*6 

11*2 

— 

33 

37 

— 

0*05 

1-18 

257 

0*04 

0*20 

0*18 

8’8 

11*4 

— . 

49 

31 

263 

003 

1*23 

1 27*9 

0*04 

0*13 

0-16 

10*0 

6*4 

40*3 

11-3 

18 

24 

002 

0i>» 

10*1 

0*04 

0*06 

0*15 

10*9 

2*7 

251 

31 

3*6 

4*0 

nil 

0*72 

10*6 

nil 

0*21 

0*09 

120 

1*18 

7*5 

1*15. 

0*8 

1*41 

nil 

0-33 

2*7 

0*07 

0*18 

0*14 ! 

13*1 

1*16 

0*8 

0*05 

0*07 

0*07 

ml 

0*11 

2*3 

nil 

0*25 

0*09 

14*0 

0*26 

0-6 

003 

nil 

nil 

nil 

0*09 

0*95 

nil 

0*09 

0*10 

15*5 

nil 

nil 

nil 

nil 

nil 

nil 

0*10 

0*80 

nil 

0*09 

0*13 

17-5 

nil 

nil 

nil 

nil 

nil 

nil 

0*07 

0*35 

nil 

nil 


Pilling and Ackermann’** tested an extensive series 
of chromium and nickel-chromium steels and found that 
the limit of attack in nitric acid did not occur at a fixed 
chromium content but varied through a wide range con- 
tinuously with the acid concentration. The actual values 
obtained by these two investigators for the corrosion rates of 
chromium and chromium-nickel steels in cold 5 per cent, 
nitric are much higher than those found by any other 
investigator with whose work the author is acquainted. 
For example, their rates of attack on stainless irons containing 

* ** Beeiataiiod oi Iron-Nickel-ChTominm AUoys to Oonottiaa by Adds/' 
K. B. BUing and B. £. Aokennajm. Tech, Pub, No, 174, 1820. 
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15 and 18 per cent, chromium are equivalent to 29*0 and 
2*25 grams per square metre per hour respectively; the 
former rate of attack would reduce a ^-in. plate (if attacked 
on one side only) to half its thickness in about five and a hflf 
weeks, the latter in rather less than seventeen months. As 
the rate of attack of acid of this strength increases with 
temperature, it is obvious that the figures obtained by 
Pilling and Ackermann can have little relation to actual 
practice otherwise the nitric acid plants made of steel 
containing 16/18 per cent, chromium and in use in this 
country and the United States of America would have been 
in a parlous condition long ere this. 
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FiO, 185. Efieot of chromium content on the rate of attack of nonnal 
nitric acid on etainless steel. 

Curve A. Steels with 0'31/0'33 per cent, carbon. 

„ B. „ 0'09/016 „ „ 

(N.B. — O'l mgm. per cm® per hour ■* 1 gram per. sq. m. per hour.) 


The results given in Table LXXIX and Fig. T84 indicate 
that a minimum of 15/16 per cent, chromium is necessary in 
a stainless iron in order to give the latter a reasonable 
resistance to nitric acid. As the protective action .of 
chromium is likely to be exerted only when it is actually 
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ilissolved in the iron and not when it is present as struotnraly 
free p^des of carbide, one would expect to And that the 
addition of carbon to a h^h chromium steel lowers the latter's 
resistance to nitric acid. That this is the case is evident 
from the results plotted in Fig. 185. Roughly speaking, the 
addition of 0*1 per cent, carbon necessitates the chromium 
content being raised rather more than one per cent, in order 
that corrosion resistance be not impaired. 

It was shown in the previous chapter that the addition 
of nickel to a high chromium steel did not increase the latter's 
resistance to nitric acid. If, however, sufficient nickel is 
present to produce an austenitic steel —such as “ Anka," 
“ Staybrite,” “ V,2.A.” and the like— a slight beneficial effect 
is indirectly produced. The austenitic steels are normally 
used in a heat treated condition which produces a homogene- 
ous structure of austtnite. In this condition, the whole of 
the chromium in the steel is able to exert its protective 
effect. In the stainless irons, on the other hand, about 1 per 
cent, chromium is present as a free carbide ; hence the 
minimum percentage of chromium required to produce 
adequate resistance to nitric acid in austenitic steels is some- 
what less than in stainless irons. 


Table LXXX. 

Action of Boiling Nitric And on Staiulcffn Stccls\ 
(Rates of attack in grams per sq. m. })er hour). 


Composition of Steel. 


('oiieontmtloQ of Acid. 


Carbon 

% 

Silicon 

% 

Chro- 

mium 

% 

Nickel 

% 

Molyb- 

denum 

% 

TunK- 

Bten 

% 1 

0-63% 

N/10. 

315% 

N/2. 

6'3% 

N. 

12-6% 

2N. 

6N. 

0»*8% 

8.G. 

1-42 

w% 

s.o. 

1-50 

009 

0-28 

12*7 

0*60 



i 

6*1 

11*8 

37*6 

10*9 

0*9 

4*26 

3*0 

0-08 

0-24 

16*4 

0*30 

— 

— 

0*3 

0*3 

0*4 

0*4 

0*6 

1*7 

0*8 

007 

0*23 

17*2 

0*24 

— 1 

— 

nil 

nil 

nil 

nil 

nil 

0*6 

0*9 

0-14 

0*45 

22-8 

0*08 

— i 

— 

nil 

nii 

nii 

nil 

nii 

0*6 

0-8 

010 

0‘37 

24*4 

0*37 

— 

— 

— 

— 

— 

— 

— 

0-42 


0-24 

0*63 

28*1 

0*30 1 

— : 

— 

: 

— 

— 

— 

— : 

0*30 

— 

0*12 

0*16 

14;9 

10*7 

— 

— 

nil 

nil 

0*004 

0026 

0*07 

0-68 

0*64 

0‘10 

0*38 

16*6 

10*2 

— 

— 

nil 1 

nil 

nil 

nil 

nil 

0*63 

0*62 

0*12 

0*30 

18*0 

8*2 

— 

— 

nil 

nil 

nil 

nii 

nil 

0*65 

0*41 

018 

0*30 

20*1 

9*9 

— ) 

— 

nil 

nil 

nii 

nii 

nil 

0*48 

0*20 

0 14 

2*10 

22*3 

11*1 1 

— 1 

— 

nil 

nil 

nii 

nii 

nil 

0*60 

0*22 

0-15 

0*6 

24*2 

11*2 ! 

— 

— 

nil 

nii 

nii 

nii 

nil 

0*16 

0*40 

0*13 1 

0*45 

17*9 

18*6 

— ’ 

— 

nil 

nil 

nil 

nil 

nil 

0*24 

0*37 

0*18 

2*65 

17*1 

26*4 

— 

— 

2*38 

1*28 

0*29 

0*20 

0*40 

2*64 

0*6 

0*18 

2*68 

17*0 

26*2 

— 

3*3 

2*29 

2*18 

0*50 

0*20 

0*40 

2*86 

0*3 

0*1$ 

0*54 

17*2 

10*1 

3*42 

— 

nil { 

nil 

nil 

nii 

nil 

1*40 

0*4 

0*18 

.0*44 

11*6 

36*4 


j 

7*49 1 

1 

16*6 

1*78 

MO 

0*20 

2*16 

0*82 
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Table LXXX gives data relating to the behaviotar of some 
typical irons and steels with nitric acid of different concentra* 
tions. A noticeable feature of these results is the increase in 
the rate of attack of the boiling acid when its concentration 
exceeds about 50 per cent. The most rapid action 
appears to be obtained with acid of 65/70 per cent, strength, 
probably because the temperature of the boiling point is 
here at a maximum ; and as will be •seen from the data 
given, acid of this concentration has a distinct action on steel 
with as high a chromium content as 28 per cent. 

Data recently published by Huey* and given in Table 
LXXXI show how the rate of attack of this acid is influenced 
by temperature. 


Table LXXXI 

Action of 65% Nitric Acid on Stainless Irons 


(Hates of attack in grams per sq. m. per hour.) 


Carbon 

% 

Chromium 

% 

Temperature. 

15* C. 

90* C. 

no* c. 

124* C. (B.r.) 

009 

124 

0010 

■61 


IQHH 

0-09 

15-8 

o-ooi. 




OOS 

18-5 

Nil 

n 


mm 


Summing up, it is evident that stainless irons containing 
16 per cent, chromium or over, and austenitic steels con- 
taining 15 per cent, or more chromium, together with 7/12 per 
cent, nickel, resist almost completely the attack of nitric acid 
up to about 50 per cent, strength at all temperatures up to 
boiling point and of acid of higher concentration than about 
50 per cent, at all temperatures up to about 90®C. At 
temperatures above about lOO^C., the steels are attacked by 
the latter strengths of acid at rates which may reach 0*5/1 *0 
grams per square metre per hour at boiling point. The 
results also indicate that nickel up to about 18 per cent, has 
no ill effect but that if the content of this metal reaches 
25 per cent, or over, the steel is quite appreciably attacked. 

The data given in the preceding paragraphs concerning 
the austenitic steels relate to these materials after they have 
been heat treated in such a way as to produce a completely 
^ ftaiM, Sept., 1930, (Preprint). 
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axistemtic strucsture. If, however, th^ contaia free carbide 
in globular form, due lo treatment at a temperature not quite 
high enough to produce a completely austenitic structure, 
their resistance to the boiling concentrated acid may be 
lowered to some extent if their chromium content is of the 
order of 16/18 per cent, but is not appreciably affected if 
this value is raised to 20 per cent, or more. Some typical 
values are given in Table LXXXII. 

Free carbide due to a distinctly higher carbon content 
than usual in the steel exerts a similar effect and to an extent 
which obviously depends on the actual amounts of carbon 
and chromium in the steel. 


Tablk LXXXII 

Effect of Treatments producing Free Carbide in Austenitic Steels 
on Resistance to Boiling Nitric Acid, 






Rate uf attack t 

Rrs. per dip m. per hour. 

Carbon 

% 

Chromium 

% 

Nirkel 

Treatment 

Temperature. 

«.>% Add 
(S.G. 1-42). 

95% Acid 
(SO. 1-50), 

01 1 

16-3 

10-5 

W.Q. 900” C. ... 

2 01 

1*48 




„ 1 . 100 ° c. ... 

0'27 

0*49 

013 

20*1 

90 

„ 900" C. ... 

0-32 

0-54 




„ 1,100° c. ... 

0*48 

0-20 

015 

24-2 

11*2 

„ 900" C. ... 

017 

0-28 




1,100° C. ... 

015 

0-40 


The passivity effects produced by nitric acid on stainless 
steels — and particularly the austenitic chromium-nickel steels 
and the higher chromium stainless irons — should be carefully 
noted by those carrying out corrosion tests on samples 
submitted to them. Previous immersion in nitric acid, 
though producing no visible effect, may either prevent the 
attack of some other acid— -inorganic or organic -“On the 
sample or else retard its onset considerably. Sheets and 
plates used for the construction of chemical equipment are 
frequently pickled in baths containing this acid and hence 
their surfaces acquire an extra degree of passivity. Such 
extra protection is useful but it cannot always be relied on 
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in completed equipment as the protective skin, which 
sumably forms on the steel surface/ may be damaged in 
fabrication processes. Hence it is generally preferable to 
regard this passivity effect of nitric acid as an extra protection 
which may be present but is not necessarily inherent in the 
material. For this reason it seems advisable to use, for 
laboratory tests, samples which have not been given this 
extra protection ; in the case of samples of unknown oripii, 
this can only be assured by a careful re-preparation of their 
surfaces. 

Tlie property of all stainless steels, containing not less 
than about 10 per cent, chromium, of resisting almost com- 
pletely the attack of nitric acid of specific gravity 1’20 at 
atmospheric temperature is particularly useful as it affords 
a certain means of identifying such steels should they be 
accidentally mixed up with ordinary steels. The latter are, 
of course, violently attacked by this acid. 

In all that has been said in the preceding paragraphs 
relating to nitric acid, it has been assumed that the acid is 
reasonably pure. This occurs in all stages of the manu- 
facture of the acid by methods based on the oxidation of 
synthetic ammonia or on other processes for the fixation of 
atmospheric nitrogen ; hence, the stainless irons and steels 
have been used with the greatest success for the construction 
of plant for carrying out such processes. On the other hand, 
Chile saltpetre, the other important raw material for the 
manufacture of the acid, contains notable amounts of 
chlorides and iodides as impurities. During the early stages 
of the manufacture of nitric acid from saltpetre, these 
impurities find their way into the acid and such impure acid 
has an appreciable attack on stainless steels. Hence these 
steels should only be employed for plant for handling the 
purified acid. 

Sulphuric Acid. Solutions of this acid, especially if 
dilute, have always been regarded as among the most corrosive 
fluids to be handled in the chemical industry. As such 
solutions are very widely employed in many chemical 
processes, the production of metals possessing a noftable 
degree of resistance to their action is of considerable import- 
Mcc. 

The plain chromium steels are not generally useful where 
sulphuric acid is concerned. This may be illustrated by 
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the figures given in Table LXXXIH and obtained Dr^ 
Hatfield* on a series of chromium steels, The test samples, 
were immersed n 10 per cent, acid at atmospheric tempera- 
ture for 24 hours. 

Table LXXXIII 

Action of Sulphuric Acid (10%) on Chromium Steels, 


Carbon 

■% 

Chromium 

% 

0-39 

nil 

0-88 

5-10 

0*64 

8-96 

0-29 

10-06 

0-56 

12-47 

0-50 

15-G 

0-49 

10-66 

0-58 

24-22 

0-58 

32-07 


LoiM in weight In 24 hours. 


0-1082 frrams. 

0-2198 

0-3048 

0-2143 

0-2496 

0-4279 

0-3530 

0-4543 

0-5583 


On the other hand, when nickel is added to steel, the 
rate of solution of the latter in sulphuric acid is greatly 
retarded ; see Table LXVII, page 300. Nickel has a similar 
protective effect on high chromium steels when added in 
sufficient bulk to the latter to produce the austenitic type 
of steel. The rate of attack of various concentrations of the 
acid, at atmospheric temperature, on austenitic steels con- 
taining 16/20 per cent, chromium and 12/7 per cent, nickel 
may be represented by a curve such as that marked A in 
Fig. 186, This actually refers to an alloy containing about 
16 per cent, chromium and 10 per cent, nickel but results of 
a similar order are obtainable from other compositions 
within the range mentioned above. For comparison, curve B 
represents the rate of attack on a sample of mild steel under 
the same conditions. Curve A indicates that at atmospheric 
temperatures, the chromium-nickel steel possesses a fair 
degree of resistance against solutions containing up to about 
15 or 20 per cent, of acid and also those containing more than 
75 per cent. The rate of attack, especially of the dilute acid, 
rises rapidly, however, if the temperature be raised ; thus 
curve C gives the results obtained at 40T. 
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Pilling and Ackermann*** came to the conclusion that the 
addition to chromium steels of nickel in amounts up to about 
12/18 per cent, resulted generally in a progressive reduction 
in the rate of attack of dilute (5 per cent.) sulphuric acid, but 
that no further benefit accrued from a greater amount than 
this, even to the extent of replacing the iron entirely by nickel. 
Their results, however, were obtained at atmospheric tem- 
perature and a similar conclusion would certainly not be 



Fio. 180, Uate of attack of sulphuric acid: — 

Curve A. On “ Anka steel at 15° 0. 

„ B. „ mild steel at 16° C. 

„ C. „ “ Anka ” steel at 40° C. 


warranted if acid at a higher temperature was in question. 
It should also be noted that the method of heat treatment 
which Pilling and Ackermann used (slowly cooling in a 
furnace from 1,000‘^C.) was such as to impair considerably 
the corrosion resistance of many of the austenitic steels 
they tested. 

The beneficial effect of a relatively high nickel content' 
is evident from results obtained by Dr. Hatficldf from whose 
work the data given in Table LXXXIV are taken. In the 
*Lot.ciL 

t '*Aoid B^aiating StoaW* MMiurgia, Nov,, 1929, p. 17, 
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t€sts record^ here, the samples {each weighiiig about 3® 
grams and having a surface area of about 15 sq. cm.) were 
immersed separately in 80 c.c* of add for 24 hours.’^ The 
figures give the losses in weight per sq* cm*, the woid max ’’ 
indicating that attack was so rapid as to lead to the complete 
exhaustion of the acid within the period of the test. 


• Table LXXXIV 

Nickel Content and Rate of Attack of Sulphuric Acid, 


Mark. 

Carbon 

% 

Silicon 

% 

Manganese 

Chromium 

% 

Nloket 

% 

A 

017 

0-37 

0*27 

17-43 

8-07 

B 

006 

016 

015 

18-33 

24-47 



1 Loss 

In weight (grains per sq, cm.). 

Aold 

20 ' 

*0. 

60 ' 

*C. 

Boiling 

Point. 

% 

A. 

B. 

A. 

B. 

A. 

B. 

0-25 

0-0000 

OOOOl 

0-0013 

0-0012 

Max. 

0-0028 

0-5 

0-0004 

0-0002 

0*0029 

0-0012 

Max. 

0-0013 

1-0 

0-0004 

0-0003 

0-0042 

0-0020 

0-0271 

o-ooir 

2-5 

0-0010 

0-0003 

0-0147 

0-0034 

0 0622 

0-0021 

5-0 

0-0027 

0-0003 

0-0297 

0-0030 

0-1343 

0-0043 

10 

0-0021 

0-0003 

00491 

00054 

0-2304 

0-0047 

20 

0-0180 

0-0007 

0-1228 

0-0074 

0-5080 

0-0920 

35 

0-0541 I 

0 0012 

0-1721 

0-022 1 

0-6310 

0-6472 

50 

00820 

0-01)15 

0-4090 

0-0250 

0-4800 

0-6645 

65 

0-01,53 j 

0-0038 1 

0-1 620 

0-0215 

1-1215 

1-1695 

80 

0-0047 

0-0007 

0-0353 

0-0200 

0-7795 

0-6190 

95-6 

0-0017 i 

0-0014 

0-0020 

0001 3 

— 



The addition of 2 or 3 per cent, silicon to a steel similar 
to the one of higher nickel content used by Dr. Hatfield serves 
to increase its resistance to cold sulphuric acid, but again, the 
behaviour with hot acid is not good. Table LXXXV gives 
data relative to such a steel and also, for comparision, to a 

* The use of a small bulk of acid and a 24*hQur duration of test lodds, of oourso, 
to a 4isUnct ^vieakeninp; of the acid strength in tests where the rate of attaok is 
other than slight, and hence to low values if the losses in weight are returned in 
terms of Ume. Vi^ere the rates of attaok in Table LXXXIV are low, and it is only 
und^r snoh eonditions that the stools are of any commercial value, the given 

may be converted into “ grams per sq. metro per hour*’ by multiplying by the 
faotor 10,000/24. 
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hi^ nickel alloy of the “ nichrome ” type ; the latter hdiaves 
fax better with the hot acid. 

Table LXXXV 

Effect of Sulphuric Acid on Nickel-Chromium AUoys. 


Mark. 

Carbon 

% 

Silicon 

% 

Chromium 

% 

Nickel 

% 




0-84 

2*35 

17*7 

25-8 


B 

0-41 

0-50 

111 

64*3 


Aci< 

i% 


Eatc of attack : grar 

nft per aq. m. per hour. 




15^ 

’C. 

1 60/66* C. 

« By 


By 





Yohune. 

Weight. 








A. 

B. 

A. 

B. 

5 


8-5 

0*15 

012 

— 



85 ; 


47 

012 

Oil 

— 

— 

50 


f>2 

0*20 

0*08 

— 

— 

10 


10 


— 

16-7 

1-27 

20 i 


80 

— i 

— 

45-7 

108 

80 


42 


— 

68-5 

105 


Table LXXXVI 

Effect of Sulphuric Acid on Nickel-Chromium-Silicon Alloys 
(Dr. Mathews). 


Mark, 

Carbon 

% 

Silicon 

% 

Cbromium 

% 

Nickel 

% 

A 

0-25 max. 

4'5/5’5 

10/12 

24/26 

B 

0’25 max. 

4-5/5-5 

10/12 

83/85 


Eato of attack : 

grams per sq. m. per hour. 



Add 

% 

Temp. 

Alloy' 

A 


Acid 

% 

Temp. 

Alloy 

A 

Alloy 

B 

1 

20® C. 

0*108 


10 / 

8T®/90® 

0*54 

0*54 

2 

>» 

0*101 


10 

boiling 

1*55 

0*77 

a 


0*008 


25 

do. 

1*86 

0*59 

4 

ff 

0*116 


80 

87°/90° 

0*81 


8 

>) 

0*108 


09 J 

89° 

0*62 

0*155 

10 


0*054 



69° 

0*62 

0 81 

ao 

♦ » 

0*071 


— 

— 

— 


w 

rt 

0*024 



-a M. 




f 
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]%r. Matbews* zeports that the s^dUtion of 4*5/5*9 pel* 
oent. ^con to alloys containing 10/12 per cent, chromioin, 
together with either about 25 or 85 per cent, nickel produces 
n\Aterials very resistant to sulphuric acid. He quotes the 
data givoi in Table LXXX^ as evidence of this; the 
results with hot acid are particularly good. 

The resistance of the austenitic chromium-nickel steels 
to dilute sulphuric .acid may be increased very considerably 
by the addition to them of other metals, particularly molyb- 
denum. Fig. 187, for example, summarises the results of 
experiments on a steel containing about per cent, of this 



Fig. 187. Action of sulphuric acid on steel containing 0*13 per cent, 
carbon* 17'2 per oent. chromium, lO'l per cent, nickel, 3*42 jx^r cent, molyb- 
denum. In the range of concentration and tomperatun*. included in the 
shaded areas, the rate of attack is nil or less than 0*1 gram persq. m. per hour. 


metal. The ordinates here are temperature and add con- 
centration and in the shaded areas the rate of attack was 
either nil or less than 0*1 gram per square metre per hour. In 
the narrow strips between the shaded areas and the broken 
lines AB, the rate of attack lay between 0*1 and 1*0 grams 
per square metre per hour. Beyond these lines, action pro- 
ceeded at greatly increased rates, the molybdenum steel 

* * " RMoat DewIopBieaits in Oomaioo.Bnsiataat and StMit.” 

J. Ini, * Xng. Ciem., Itoombst, 1839. 
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being attacked in many cases at distinctly faster rates tltoa 
one free from molybdenum but otherMrise similar in analyMs ; 
see Table LXXXVII. 

Table LXXXVII 

Effect of Mohjhdemnn on the Resistance of Chromium-Nickel Steels 
to Sulphuric Acid, 


Mark. 

Carbon 

% 

C:hrominm 

o/ 

/o 

Nickel 

% 

Molyb- 

denum 

% 

A 

01 2 

140 

10-7 

nil 

11 

01 3 

17*2 

10-7 

S-42 

C' 

0-34 

20* 1- 

(S-O 

nil 

1) 

0-44 

20*5 

0-5 

3-8 

. 



- - 




llftte of attack ; grams per sq. lu. per hour. 


Add % 

15" 0. 

40" 

c. 

Add % 

15" C. 

60/fl 

rc. 

(by 

weight). 

A. 

B. 

A. 

B. 

(by 

weight). 

C. 

I). 

C. 

D. 

5 

0*26 

nil 

2 02 

nil 

8*5 

0-87 

nil 

— 

— 

10 

0-87 

nil 

4*4 

nil 

10 

0-98 

nil 

4*2 

nil. 

15 

0*66 

nil 

6-78 

nil 

23*5 

1-3 

0-9 

— 

— 

20 

0-98 

nil 

100 

20 

80 

1-3 

1-4 

119 

158 

25 

1*23 

nil 

9-4 

]10 

80-5 

2 0 

2-7 

— 

— 

30 

0-80 

1*5 

19-2 

15-5 

42 

— 

— 

177 

297 

40 

112 

41 

200 

150 

48 

8*0 

71 

— 


50 

3*85 

0 0 

100 

150 

02 

8*9 

01 

— 


60 

6*95 

100 

7-9 

25 

— 

— 

— 

— 


70 

0-91 

1-2 

1*97 

12-5 

— ' 

— 

— 

— 


80 

004 

nil 

0-51 

nil 


— 

— 

— 


90 

— 

nil 

0*44 

nil 

— 

' — 

— 

— 


95 

0-27 

nil 

0‘50 

nil 

— 

■ — ■ 





The chromium-uickel-molybdeiium steels are particularly 
valuable in their resistance to hot dilute solutions of sulphuric 
acid as such solutions are much used in chemical processes, 
fot example, in the dyeing of textiles ; although they may 
he attacked by these acids when boiling, even when the 
concentration is as low as one per cent, or so, the rate of attack 
is distinctly less rapid than with most other varieties of 
chromium-nickel steels. 

Tungsten also acts in somewhat the same fashion as 



OF VARIOUS MEDIA m 

but is not so eff^ivc. The addition of 
to the steels also retards greatly the rate of attack of sulpKuiic 
acid on them ; in this case, also, there is no mediunt range 
of concentration of acid producing a relatively rapid attacks 
Data relating to tungsten and copper steels are given in 
Table LXXXVIII and one may note the almost equal 
resistance possessed by the copper steel to all strengths of 
the acid* 


Table LXXXVIII 

Ejfeci of Copj^er and Tungsten mi the Resistance of Chromium- Nickel 
Steels to Sulphuric Acid, 


Mark. 

Carl)on 

% 

Chromium 

«/ 

N ii*kol 

% 

Cooler 

% 

Tumifttcn 
% . 

A 

()‘2() 

17*4 

10*9 

2*45 

nil 

B 

0*29 

1 

1 

17*7 

9*73 

nil 

1-64 



llato of att:u:k * grams T>cr m. per hour. 

Acid % 

Steel A. 

1 steel 11. 

(by weight). 

15® C. 

40' C, 


to® 0. 

2 

0*16 

0*54 

nil 

nil 

5 

013 

0*04 

0*18 

nil 

10 

0*18 

0*77 

0*07 

9*5 

15 

010 

0*60 

1 OS 

0*5 

20 

0*1(5 

0*12 

1*49 

14*6 

25 

0*24 

0*74 

2*08 

— 

30 

0*29 

MG 

2*75 


40 

0*31 

0*72 

4*78 

- ' 

50 

0*18 

1 *03 

8*81 


60 

0*29 

1*50 

9*26 

— 

70 

0*13 

2*10 

0*79 

14*7 

80 

0*26 

0*21 

nil 

0*62 

90 

0*2i 

0 1 9 

nil 

0*51 

95 

0*13 

0*13 

nil 

0*10 


It has been found that the action of dilute sulphuric 
acid on stainless steels is much retarded, and may be 
altogether prevented, if the acid solution contains ferric 
sulphate or copper sulphate. In addition to being of distinct 
ipterest from a scientific point of view, the effect of these 
salts[ on the action of sulphuric acid has considerable practical 
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impiortance. Many mine waters, wKieh are notoricmsly 
corrosive in their action on pumpng machinery owin^ to tiie 
presence of free sulphuric acid, contain, also appreciable 
quantities of either or both of these salts, and as a resi^ 
they have often no effect on stainless steels, even the 12/14 
per cent, chromium variety, though they attack ordinary 
steel and other metals quite rapidly. It is not out of place 
therefore, to devote some attention to the action of these 
salts. 



Fml 188. Rato of attack (on 12'»i chromium steel) of solutions of 

cojiper sulphate, lUO grams jx^r litre, ronteining also the amounts of free sulphuric 
acifl indicated. 

N.B.— O’l mgm. per cm* jx'r hour ™ TO gram per sq. m. per hour. 

The effect, on stainless material, of solutions containing 
both copper sulphate and sulphuric acid depends on the 
actual and the relative amounts of these two substances 
present in solution and on the composition of the steel. It 
may be illustrated by considering a 12/14 per cent, chromium 
steel. A solution of copper sulphate itself, as meutioned 
earlier, has no action on this steel : on gradually adding 
sulphuric acid to the copper sulphate solution, no action 
takes place until a certain amount of acid is present, depend- 
ing on the actual concentration of the copper sulphate 
in solution. After this critical amount is exceeded, the actioii 
of acid liquor becomes more and more intense as^ th,e 
ebneentration of acid increases. This is illustrated by the 




THE EFFECTS OF VARIOUS MEDIA m 

etirve in Pig, 188, which gives the results of the action for 
24 hours at atmospheric temperature of solutions, each 
containing 100 grams of copper sulphate’*' per litre but witli 
ditferent amounts of sulphuric acid, on a number of 
liardened and tempered samples of stainless steel containing 
0*80 per cent, carbon and 12-6 per cent, chromium. 
Attack was produced when the concentration of the free add 
reached 100 grams per litre. 

On the other hand, if small but gradually increasing 
amounts of copper sulphate be added to sulphuric acid, the 
rate of attack on the steel at first increases rapidly. 
In such cases, copper is deposited as a ftocrulcnt mass on the 
steel and no dotibt sets up eleetroehcmical action. As the 
concentration of the copper increases, however, the attack 
suddenly falls off very rapidly and finally ceases altogether. 
This effect is as shown in curves A and H in Fig. 189. Tht‘ 
former refers to the attack of liquor conlaiiiing 100 grams 
sulphuric acid per litre and the latter to solutions containing 
50 grams of the acid per litre. The duration of attack in 
all cases was 24 hours at atmospheric temperature and the 
steel was similar to that used for the last experiment. 
The curves show that the amount of copper sulphate required 
to prevent action varies vvitli the acid '»trcngth and is relatively 
less as the concentration of acid is* lowered. 

The resistance of the 1211 per cent, chromium steel to 
the attack of sulphuric acid when sufficient copper sulphate 
is present would appear to be due to a species of passivity 
somewhat similar to that produced m ordinary steel by 
strong nitric acid and other reagents, as mentioned on page 
258. There arc also other points of resemblance, thus the 
passivity produced in stainless steel by the action of copper 
sulphate persists for s^ime time after the sample is removed 
from the solution producing jiassivity. I'his is notably the 
case if the samples arc transferred to solutions in which the 
concentration of copper sulphate is gradually reduced. For 
example, a sample of stainless steel was placed in a solution 
containing 50 grams each of sulphuric acid and copper * 
sulphate per litre ; such a solution, as shown in Fig. 189, has 
no action on the steel. At intervals of one or two days, the 
sample was transferred to solutions containing the same 

* ^ In all the results wJth this salt, the weights given refer to the crystalline 

mated^ (CuSOi. 
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amount of free acid but with gradually decreasing amounts erf 
copper sulphate. The concentration of the latter was reduced 
to 2 ‘S grams per litre without any action taking place, although 



Fig. 180. Effect of copper sulphate on the rate of attack of dilute sulphuric 
icid on stainless stool at 15®/20° G. 

Curve A. 100 grams free sulphuric acid per litre. 

y, S. 50 tf y» f« tf If tt 

(N.B.*-0‘1 nxgm. per cm* per hour I’O gram per sq. m. jnsr hour.) 

normal conditions the steel was attacked by similar 
acid liquor containing 10-0 grams or less of copper sulphate 
per litre. On reducing the strength to 2*0 grams per litre, 
the steel was very slowly attacked, producing a gradual, 
darkening of the steel surface. The sample was allowed 
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to remain in this ^cid liquor tax 7 weeks ; at the end of ttJiis 
period it had a polished black surface, with a greenish tiiit, 
very similar to that of the oxidised ” finish of ordinary 
steeL The total loss in weight of the sample in the 7 weeks’ 
attack was only 0*014 per cent, of its original weight, 
equivalent to a rate of attack of 0*0024 grams per square 
metre per hour. 

In the same "way the concentration of copper sulphate 
in acid liquor containing 100 grams sulphuric acid per litre 
in which a similar piece of stainless steel was placed 
was gradually reduced from 250 grams to 7*5 grams 
per litre without any action taking place. When reduced 
to 5 grams per litre, however, a similar slow action 
to that described above took place ; the sample gradually 
acquired a polished black surface and after 7 weeks’ attack 
had lost 0*019 per cent, of its original weight, equivalent 
to a rate of attack of 0*003 grams per square metre per hour. 

The extent of the passivity produced in these two cases 
will be more easily realised when it is remembered that under 
normal conditions, the samples would have lost well over 
50 per cent, of their \veight during a 7 weeks’ immersion 
in such acid liquors. 

The passivity produced by acid copper sulphate solutions 
of suitable strength also persists for some considerable time 
if the samples are taken out of the solution producing 
passivity, dried and then left in this condition. For example, 
the sample used for the test in liquor containing 50 grams 
of sulphuric acid and 25 grams of copper sulphate per litre 
(Fig, 189 curve B) was cleaned and dried after the 24 hours’ 
immersion, which produced no attack, and put away in a 
box for 2 months. It was then placed in liquor containing 
100 grams of acid and 10 grams of copper sulphate, i.e., 
liquor which, as shown in curve A, Fig. 189, attacks the normal 
material rapidly. No action was visible for 3 or 4 days, 
after that the sample gradually darkened in colour. 
At the end of 34 days, it was taken out and had a 
shiny greenish black surface similar to the two samples 
described above. The total loss in weight produced in the 
34 days’ attack was 0*009 per cent, of the original weight, 
equivalent to 0*0019 grams per square metre per hour. 

• Again the passivity effect is rendered more striking 
by noting that a similar sample which had not previously 
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been mode passive lost practically 1*9 per cent* pt its 
wdght in 24 hours when immersed in acid liquor of this same 
strength and would therefore have lost considerably mote 
than half its weight in 34 days. 

The effect of copper sulphate in thus producing passivity 
is more pronounced the higher the chromium content of the 
steel. It is extremely effective in the case of the austenitic 
chromium-nickel steels ; very small quantities suffice to 
prevent the attack on such steels of dilute sulphuric acid 
even when hot, as may be seen from the results quoted in 
Table LXXXIX. 


Tarlk LXXXIX 

Action of Copper Sulphate on the attack of Sulphuric Acid 
on “ Anka ” Steel, 

Carbon Chromium Nickel 


012 14!) 10-7 


strength o( Solution 
(grams per litre). 

Rate of attack 


Sulphuric 

Copper 

20" C. 

40" C, 

60“ C. 

80" C. 

Bolling. 

Acid. 

Sulphate. 






100 

nil 

0'95 

1*80 

■B 

45-6 

83*2 

,, 

005 

2 07 

.311 


— 

— 


010 

nil 

nil 


— 

— 

)) 

0*15 

— 

— 

11*5 

85*0 

— 

ft 

0-20 

nil 

nil 

nil 

49*1 

— 

it 

0*25 

nil 

nil 

nil 

nil 

245 

ft 

0*8 

— 

— 

— 

— 

232 

ft 

0*4 

— 

— 

— 

— 

250 

tt 

0*5 

nil 

nil 

nil • 

nil 

nil 


The action of ferric sulphate in retarding or preventing 
the attack of sulphuric acid on stainless steel was first pointed 
' out by Dr. Hatfield* who also showed that the amount of 
ferrk: sulphate required to prevent action varied with the 
condition of the steel, whether hardened or hardened and 
. tempered, and also, with any one material, was proportional, 
to the amount of free Sulphuric acid present. 

, ^ of Stainless SteeL*’ Messfs. T. JPirth 4 Sons. 
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Experiments carried out by the author on hardened and 
tempa%d material cbntabung O'S- per cent. <»rbc»l aM 
12 *6 per cent, chrdmium are given in Tabie XC, The actwd. 
cohceniratiion of ferric sulphate producing passivity is 
prc^bably affected to some extent by slight variations in 
tmnpeniture, or either conditions. Thus a duplicate sample 
in liquor containing 15 grams ferric sulphate per litre, 
tested a few days* after the one deseribed in Table XC, 
remained quite unattacked after being immersed for a 
month in the liquor. 

Table XC 


Action of Ferric Sulphate on the attack of 
Sulphuric Acid on Stainless Steel at 15°/20°C. 


Strength of Solution 
(grains per litre). 

Duration of Test. 

Loss in gr ms 

Sulphuric Acid. 

Ferric Sulphate. 


per sq. m. per hour, 

100 

nil 

24 liours 

5*6 


5 


6-2 

• » 

10 


60 


15 


7*8 

»> 

20 

86 days 

Not attacked 


40 

» » 

»» 

! f 

60 

>9 

»> 


It will be seen that there is a slight increase in the rate 
of attack when only small amounts of ferric sulphate are 
present, though the increase is not nearly so ^eat as with 
copper sulphate and understandably so. As with the latter 
salt also, the passivity produced by ferric sulphate persists 
for some time after removing from the solution producing 
passivity, but apparently to a less degree than with the copper 
salt. For example, a sample of material similar to that used 
for the tests above was placed for 24 hours in liquor contem- 
inc 100 grams each ferric sulphate and sulphuric acid, t^ere 
bring, of course, no attack. It was then transferred at 
intervals of 24 hours to solutions containing the same amount 
of arid, but with the ferric sulphate reduced successively to 
50, 25, 15, 10, 5 and 2.5 grams per litre ; in each case there 
was no attack. The sample was then tra^erred to a similar 
solirtion but containing only 2*0 grs. feme sulphate per litre 
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and was vigorously attacked in a few minutes, the rate of 
attack being similar to that of such liquor on the normal 
steeL 

It should be noted that ferrous sulphate has not the 
same effect as ferric sulphate ; a sample of 12 per cent, 
chromium steel placed for 24 hours in a solution containing 
100 grams sulphuric acid per litre together with 200 gram? 
ferrous sulphate per litre was attacked at practically the sams 
rate as a similar sample placed in acid of the same strength 
but containing no ferrous sulphate, the rates of attack being 
8^9 and 4*6 grams per square metre per hour respectively. 

The practical importance of these interesting passivity 
effects lies, as mentioned earlier, in their application with 
regard to the pumping and handling of acid mine waters and 
other water containing free sulphuric acid. Provided a 
sufficient amount of either ferric sulphate or copper sulphate 
or both is present in the water along with the free acid (and 
often mine waters contain these salts in relatively large 
quantities) such water will liave no action on stainless steel 
though it will attack ordinary steel quite rapidly. For 
example, mine waters having the following analyses, expressed 
in parts per 100,000 : 



A 

B 

C 

Copper 

16 

14-7 

4,400 

Ferric Iron 

188 

71*2 

300 

Ferrous Iron 

160 

not given. 

225 

Free Sulphuric Acid 

30 

14-0 

2,500 


had no action on 12/14 per cent, chromium steel, though 
they attacked ordinary mild steel quite rapidly. 

In addition, the examples given on pp. 868 and 867 of 
the persistence of passivity when the amount of copper or 
ferric sulphate was reduced considerably below the normally 
safe limit are also of considerable importance as they show 
'that if, in the handling of such acid waters, the ratio of 
salt, producing the passivity, to acid is temporarily re- 
duced to a figure normally unsafe, such reduction will not 
necessarily lead to any attack on the steel. 

Mixtures of Sulphuric and Nitric Acids. The ' 
addition of relatively small amounts of nitric acid to sulphuric 
acid of greater strength tlian about 80 per cent, retards and 
may prevent the attack of the latter on the austenitic 
chromium-nickel steels. Below about 80 per cent, sulphuric 
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the nitric acid addition may accderate or retard the 
rate of attack, depending on circumstances. The results of 
tests on a steel of this type are set out in Table XCL 

Tabij3 XCl 

Effect of mall additions of Nitric Acid on the rate of attack of 
Sulphuric Acid on “ Anka ” Steel. 


Cftrbon Chromiaui Nickel 

% % 


012 


14-9 


10-7 


(Rates of attack in grains per sep in. per hour.) 


Temperature of Test and per cent. Nitric Aciicl present. 


SulphuTie Acid 





40“ C. 


80/85“ 0. 1 

110“ 0. 

(by weight). 











Nil 

1 % 

3% 

Nil 

1% 

3% 

1% 

3% 

1% 

3% 

2 

0-26 

M9 

O-Ol 

0-98 

2-44 

()-<U 

.... 

— 

— 

— 

5 

0-20 

1-55 

1-37 

2 02 

2-70 

1 -51 

... 


. - 

— 

10 

0-37 

2-55 

1*20 

4*4 

V47 

0‘9J 



— 

— 

20 

0-98 

3-18 

0-64 

10 0 

4-92 

1 *22 



— 

— 

25 

1 -23 

2-73 

012 

0*1 

3- 17 

nU 

2-35 

04 

9'15 

2*53 

30 

0-80 

2*06 

0*04 

10-2 

1 -65 i 

0*31 ! 


.... 

— 

— 

40 

M2 

0*08 

0 08 

20 *6 

0*22 1 

005 

.... 

- 

— 

— 

50 

3-35 

nil 

nil 

100 

nil 

nil 

1 *05 I 

0-45 

5-3 

5 5 

75 

0-5 

nil 

nil 

10 

nil 

nil 

0*35 

0-28 

9*7 

504 

85 

01 

nil 

nil 

05 

nil 

nil 

0*36 

0-49 

808 

814 


The effect of tliese small nitric acid additions may 
perhaps be more easily visualised by tlie aid of Figs. 190 
and 191. The former shows the accelerated attack produced 
when the nitric acid is added to dilute solutions of sulphuric 
acid. The latter figure indicates approximately, in a 
temperature-concentration diagram, the greatly increased 
resistance of the steel to stronger solutions of sulphuric acid 
due to similar additions. Within the range of concentration 
and temperature covered by the shaded area, the steel is 
attacked by the pure acid at a rate not exceeding 0*1 gram 
per square metre per hour. By the addition of 1 or 8 per 
cent, nitric acid, the limits of concentration and tempera- 
ture within which the steel possesses an equal resistance are 
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i^Qded to the lines ABC and DEF respectiv<^. If the 
pmni^ble rate of attack be increased to l-O grams per 
square metre per hour, the limits of useful service of the Steel 



Fio. ISO Effect of small additions of nitric acid on the rate of attack of 
sulphuric acid on “ Anka ” steel ; 012 per cent carbon, 14-9 per cent, ohrommm. 
10*7 per cent, oickol. 


Curve 

Nitric Acid 

Temperature 

A 

% 

nil 

15^ C. 

B 

I 

15“ C. 

C 

3 

15“ C. 

D 

nil 

40“ C. 

£ 

1 

10“ C. 

P 

3 

40“ C. 


with the 8 per cent, nitric add mixture may be eiriended to 
the line XYZ. 
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The mbctuies of sulf^urio and nitxie adds otjtttouttily' 
used for nitrating j^nrposes (which contain a greater pro* 
portion of the latter acid than was considered in the hutt few 



Fig. 191. EiTeot of small additions of nitric acid on the rate of attack 
of sulphuric acid on “ Anka ” steel ; s<,*e page 369. 

paragraphs) have practically no action on either the chromium 
or the chromium-nickel steels. The results given in Table 
XCII and relating to tests in which the samples were immersed 


Table XCII 

Action of Nitrating Acids on Stainless Steels^ 


Composition of Steel. 

Bate of attack : 
fframs per sq. m. per hour. 

Carbon < 
% 

Chromium 

% 

Nickel 

% 

Silicon 

% 

•* Mixed Acid. 

69 0% HaSOg 
20'&% HNO! 
10-6% EjO 

Waste ’» A<dd. 
68 0% HftSO. 

HNOf 

20 * 6 % 

0*19 

12*0 

0-21 

0-22 

0-0061 

0*0054 

0*08 

15*4 

0-30 

0-26 

0-0049 

0*0058 

0*21 

20*6 

2-61 

0-28 

0*0024 

0*0019 

0*10 

15*2 

11*4 

0*25 


0*0014 

6*10 

17*2 

7-0 

0*80 

00017 

0*0010 

r 0 *84 

'1 

17*7 

i 

25-8 

2*85 

0 0021 

04)018 
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in the respective mixtures for 6 months^ are of interest in iWs 
connection. ’ 

Results of the same order are reported by Dr. Hatfield^ 
in tests on a steel containing approximately 18 per cent, 
chromium and 8 per cent, nickel* These tests lasted two 
months^ the temperature being 15®C. At 110°C., the rate 
of attack was higher but the results were still satisfactory, 
see Table XCIII. 

Table XCIII 


Tests with Nitrating Acids on “ Staybrite"^ 


Composition of Acid. | 

Temperature 

of Test. 

Rate of attack : 

trrs. per sq.m, per hour. 

Hjso.r. 

HNOa% 

HsO% 

20 

69 

2 

15° C. 

0 0007 

54 

44 

2 


0*002 

77 

21 

2 

' * 

0*002 

90 

8 

2 


0*003 

29 

49 

22 


0*0007 

54 

81 

15 

« » 

0*00C7 

76 

15 

9 

1 1 

0*0015 

8S 

5-5 

6*5 


0*0015 

57 

14 

20 

110° C. 

0*17 

57 

10-5 

82-5 

" > 

0*29 

57 

7 

36 

i •> 

0*17 

57 

3*5 

39-5 


0*20 


Table XCTV 


Tests iviih “ Miscd Acids ” on “ 


Analysis of Acid. | 

Temperature 

of Test, 

Rate of attack : 

grs. per sq. m . per bout. 

HaS 04 % 

HN 03 % ' 

H,0% 

80 

5 

65 

95° C. ' 

01/10 

80 

10 

60 

boiling 

0-1 /I -0 

‘ 20 

15 

65 

50° C. 

less than 0*1 




80° C. 

?» 

58 

40 

2 

20° C. 

t9 




60° C. 

tf 




100° C. 

O-l/l-O 




110° C. 

80/1 0-0 


* ** Stee!$ Bpeolaliy Eeaiatant to Cotrosion aad Heat." Measm. T* Firth amf 
8oili« 
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Bata obtained by Messrs. F. Kmpp, A.G., may also be 
quot^ ; .these relate to their *‘V.2.A*’* steel, eoataihiiig 
about 20"per eei^t chromium and 7 per cent, nickeL and are 
gjven in Table XCIV* 

Sulphurous Acid, The action of solutions of this acid 
depends very much on conditions. If perfectly pure— in 
particular, free from sulphuric acid -they have generally 
little or no action on the austenitic steels. If, however, 
oxidation takes place even in slight degree with the pro- 
duction of sulphuric acid, and this is not easy to avoid, some 
action is likely to be produced, the amount depending on 
temperature and degree of oxidation. These steels are also 
attacked by the pure acid at fairly high temperatures and 
pressures. 

A considerably greater degree of resistance, both to the 
pure acid at high temperatures and pressures and also to 
the slightly oxidised acid, is obtained by the addition of 
molybdenum to the chromium-nickel steel. The improve- 
ment effected in connection with the oxidised acid will be 
understandable from the remarks already made regarding 
the resistance of molybdenum-containing steels to the action 
of sulphuric acid. As regards the effects of temperature and 
pressure, the data given in Table XCV and obtained by 
Messrs. F. Krupp, A.G.,* arc of interest. 


Table XCV 

Action of Sulphurous Acid on Chromium-nickel (V,2.A,) and 
Chromium-nickel-molyhdenum (VA.A.) Steels, 

(Solution saturated at atmospheric temperature.) 


1 

Pressure, 

Temperature. 

Kate of attack : grams per sq. m. per hour. 

V.2.A. 

V.4.A. 

- - 

20® C. 

less than 0*1 

less than 0°! 

4 atmospheres 

135° C. 

— 

ft 

5 to 8 „ 

160° C. 

10/80 

if 

10 

180° C. 


ff 

15 

200° C. 

if 

0-1/1 -0 

20 

200° C. 

fJ 

i 


♦ *^‘NiohtrOBtend&r StahK** Messrs. F. Krapp, A.G. 
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Hie adVMitages of the oh70imim<nickel‘molybdeQii]n 
stedb for use in connection with sulphurous add at'Idgh 
temperatures and pressures were claimed by Mesm. F. Krupp, 
A.G., in their original patent* covering the use of these st^s. 

The data jpven above refer to aqueous solutions iji 
sulphur dioxide at temperatures up to thdr boiling points 
imder high or low pressures as the case may be. The action 
of sulphur dioxide gas, unaccompanied by liquid moisture 
{e.g., in flue gases resulting from the combustion of more or 
less sulphurous fuels) falls in a rather different category ; it 
will be considered in the next chapter. 

Hydrochloric Acid. This acid attacks all forms of 
stainless steel, the plain chromium steels having little or no 
greater resistance than ordinary mild steel. The rate of attack 
of cold dilute solutions of the acid on the austenitic chromium- 
nickel steels is very slow, however, and it is further reduced 
by the addition of molybdenum or copper. When heated, 
however, even the very dilute solutions may have a com- 
paratively rapid attack on all these alloys, the best results 
being probably given by molybdenum-containing steels. 
The limited use which may be obtained from the steels, 

Tabij: XCVI 


Action of Hydrochloric Acid on Austenitic Steels. 
(Rates of attack in grams per sq. m. per hour.) 



* Biitiskp*toiit201.»lS (July, 1923) ; Oennan patent 399,809 (Angvt, 1923). 


















TS® SS-FIPCTS OF VARIOV^ HISOtA W 

siiBfie or complex, is illustrated in tte data given in Table 
XCVL 

Boric Acid A solution of this acid, saturated at 
atmospheric temperature, has no action on stainless steels 
(including the 12/14 per cent, chromium variety) even at its 
boiling point. A solution saturated at its boiling point has, 


Table XCVII 

« 

Action of Bone Acid on Stainh’ss Steel 


Carbon 

% 

Chromium 

% 

Nickel 

% 

Temperature 
of Teat 

Bate of attack 
(grama iiersq m pet hour) 
uf solutions saturated at 

15“ C 

Bp. 

000 

13-5 

0-30 

15° C. 

nil 





boiling 

ml 

0*57 

0*09 

161 

017 

15° C. 

nil 





boiling 

ml 

0*35 

012 

14-9 

10*7 

15° C. 

nil 


1 



boiling 

ml 

ml 


Table XCVIII 

Action of Chromic Acid on Stainless Steels. 


(Rates of attack in grams per sq. in. per hour.) 


Composition of Steel. 

Temperature 

of 

Test 

1 Concontration of Acid 

(Hrbon 

% 

Chro- 
mium 
' % 

Nicktl 

% 

Co^r 

Mol>b- 

douum 

% 

10% 

Saturated 

at 

15“ C. 

009 

13*5 

0-30 





15° C. 

ml 

0-89 






10° c. 

ml 

1*4 






! b.p. 

()‘31 

45*1 

012 

14*9 

10*7 

■ 



15° C. 

ml 

0*68 






40° C. 

ml 

M7 






b.p. 

0*52 

31*6 

010 

*17-8 

10-1 

2*20 



15° C. 

— 

1*47 






40° C. 

— 

786 


1 

1 



b.p. 

0*64 

73*5 

6-18 

17*2 

10*1 


342 

15° C. 

— 

3*15 






40° (’. 


10*9 






b.p. 

0*59 

108 
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however^ a slight action on the plain chtomium steels, the 
rate of attack diminishing somewhat with increasing 
chromium content, but has stiU no action on the austenitic 
chromium-nickel steels ; see Table XCVII. 

Chromic Acid. The action of commercial samples of 
this acid is, likely to vary considerably with their freedom or 
otherwise from sulphuric acid. The results given in Table 
XCVIII were obtained from the ordinary chemically pure ” 
reagent. It will be noted that the 12/14 per cent, chromium 
iron possesses as good a resistance as the austenitic alloys 
and that the rate of attack on the latter is increased by the 
addition of copper or molybdenum to them. 

Phosphoric Acid. An accurate evaluation of the 
action of this acid on various types of stainless steel is somewhat 
difficult to obtain owing to the ease with which the metal 
assumes a passive condition w4icu immersed in solutions of 
the acid, even of those which may attack it very rapidly 
should this passive condition be temporarily broken down. 
And unfortunately, the conditions which may induce passivity 
or lead to its breakdown are very obscure For this reason 
the results obtained on single tests on a given sample of steel 
may quite easily lead to very erroneous conclusions being 
drawn as to its value for use with the acid In the results 
given in Table XCIX, the author has represented the several 
steels in their worst light ; these results arc based on numerous 
tests and occasional good results in the series have been 
ignored if duplicate test pieces were attacked. 

It will be seen that none of these materials is of any 
value for use with the concentrated acid at temperatures 
approaching 110°C. A high chromium content is un- 
doubtedly helpful in giving greater resistance to more dilute 
solutions of the acid or to the concentrated form at lower 
temperatures ; but austenitic chromium-nickel steels with 
as high a content of the former metal as 24*3 per cent, were 
stiH violently attacked by the concentrated acids at 
110®/115®C Probably the best result under such corrosive 
* conditions is obtained by using a chromium-nickel-molyb- 
denum steel. The rates of attack on such a steel (containing 
17' "2 per cent, chromium ; 10*1 per cent, nickel ; 8-42 pter 
cent, molybdenum) by acids of specific gravity 1-50 and 
1.75, at lio7ll5°C., were 2-16 and 1-12 grams per square^ 
met^ per hour respectively. 
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Tabij; XCIX - 


Acii^ of Phosphoric Add. 

(Rates of attack in grams per sq. m. pe^ hour,) 


Carbon 

% 

Chro- 

mium 

% 

Klckel 

% 

Temperature) 

of 

Test. 

Concentration of Add. 

5% 


06 8% 
(SO. 1*5) 

00% 

(M.tU) 

010 

15^5 

0*39 

]5°C. 

0-7 

18-5 

47-2 

nil 




• 80“ C. 

1-61 

— 

— 

015 




boiling 

— 

— 


800 

010 

17*9 

0-38 

15“ 

nil 

17-4 

50*9 

nil 




80“ C. 

nil 

— 

— 

nil 




boiling 

nil 

“ 

— 

1600 

012 

14-9 

10*7 

15° C. 

nil 

008 

013 

nil 




80“ C. 

nil 

nil 

35-9 

2-2 




110° C. 

— 

— 

112 

16-7 



i 

Ijoilinj; 

nil 

0*05 

— 

1170 

014 

16-3 

10*5 

15“ ('. 

nil 

nil 

nil 

nil 



1 

60“ C'. 

nil 

nil 

nil 

nil 




80“ ('. 

nil 

nil 

324 

nil 




boiling 

ml 

nil 

534 

2110 

0*12 

180 

8-2 

15“ C. 

nil 

nil 

nil 

nil 




80“ C. 

nil 

nil 

nil 

0*92 




110“ C. 

— 

— 

72-9 

90 




boiling 

nil 

nil 

— 

1520 

018 

201 

9() 

15“ C. 

nil 

nil 

nil 

nil 




80“ C'. 

nil 

nil 

nil 

nil 




boiling 

nil 

nil 

72*7 

1280 


Table C 

Action of Phosphoric Acid on Ausienitic Steels. 


Add 

% 

Speoifle 

Gravity. 

Temperature 

of 

Test. 

Rate of attack • (grams per sq. m: per hour). 

V.2.A. 

Chromium- 

.Nickel. 

V.4.A. 

Chromium- 

Nickel- 

Molybdenum. 

v.e.A. 

Chromium- 

Nickel- 

Copper. 

1 

1-0054 

20“ C. 

less than 0-1 

less than 0-1 

less than 0-1 

1 

1-0054 

boiling 

„ 


»» 

1 1 

1-0054 

140° C. atS 

»> 


»* 



atmos. press. 




10 

1-0567 

boiling 



9t 

45 

1-3059 

»» 

t9 

»» 

f$ 

80 

1-645 

110“ c. 

over 10-0 

1-0/8-0 

over 10-0 

80 • 

1*645 

ns“r. 
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The dikta given in Table C are taken from publications 
of Messrs. F. Krupp, A.G. ; they agm wth those in the 
preceding table. 

Acetic Acid is often regarded as an organic acid cf 
only moderate strength ; it is, however, an extremely 
corrosive acid and there are few metals which ^11 com- 
pletely resist its action under any and every condition of 
concentration and temperature. 

The plain chromium steels are undoubtedly more 
resistant to acetic acid than ordinary steels, the complete 
stability of an ordinary stainless steel knife against vinegar 
l>eing a familiar example. As already pointed out, however, 
part of the immunity in this case (and in others, e.g., fruit 
juices, involving dilute solutions of organic acids) is due to 
organic matter present in colloidal form ; actually a pure 
solution of acetic acid of the same strength as vinegar (4 or 
5 per cent.) slowly attacks a 12/14 per cent, chromium steel 

Tablk CI 

Action of Acetic Acid on Stainless Iron, 


Carbon 

% 

Cbromium 

Nickel 

% 

008 

15 * 1 . 

0-Zi) 


(llates of attack in grams per sq. m. per hour.) 


Concentration of Acid. 


Tomp- 

erature. 

5% 

15% 

83% 

eo% 

80% 

100% 

IS'C. 

nil 

0-00 

0*26 

MB 

0*42 

nil 

40° C. 

1-0 

3-75 

5*1 

31 

107 

0*1 

80“ C. 

8-20 

6*53 

— 

— 

— 

1*62 


even at atmospheric temperature. Table CI gives data 
relative to a stainless iron containing about 15 per cent, 
chromium and, as will be seen, the range of usefulness~of such 
material is limited. A greater degree of resistance at atmos- 
pheric temperature may be obtained by increasing the 
chxvinium content, but even with as high a value as S9/28 
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Wt9 


p«r oent, i»|ti4 attack occurs with hot acid of medium oraa- 
oadatataou. 

Much better iresults are obtainable from the austenitic 
dimmium-nickel steds, but as shown in Table CII, attack 


Table CII 

Action ojf Acetic Acid on Au/itenitic Steels. 


Muk. 

Carbon 

% 

Ghromluro 

% 

NInkel 

% 

A 

010 

15*2 

11-4 

B 

0-15 

17-5 

7-9 

C 

018 

20-2 

8-8 


(Rates of attack in grains per sq. m. per hour.) 





Concentratiou ol Acid. 

M rk. 

Temperature. 

6% 

10% 

16 % 

33% 

00% 

80% 

100% 



16” C. I 








A ... 


40” C. *► 

fill 

nil 

nil 

nil 

nil 

nil 

nU 



80” C. J 
^ boiling ... 

nil 

2-94 

3-5 

7*9 

7-6 

5*4 

22 



15” C. ■) 








B ... 

-1 

40” C. } 

nil 

nil 

nil 

nil 

nil 

nil 

nil 



80” C. J 

boiling ... 

nil 

312 

4-3 

7-22 

8*1 

7*3 

20 



r 15” c. 








C ... 

4 

40° c, y 

nil 

nil 

nil 

nil 

nil 

nil 

nil 



80” C. J 

^ boiling ... 

nil 

nil 

nil 

I 

2*93 

14*3 

6-85 

1”5 


still takes. place with boiling acid except when the latter is 
very dilute. Here again a chromium content of about 20 per 
cent, is an advantage in giving a greater range of complete 
resistance, but it should be noted that when attack does 
occur, it may take place at a greater rate with the higher 
chromium steel. 

Conq>lete immunity from attack is not obtained by 
uSing a ^11 h%her chromium content together with much 
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mote nickel and a small amount of silicon ; see the results 
on steel A in Table CIII- The further data in this taWc , 
show that the addition of molybdenum or copper to the 
chromium-nickel steels has a distinct beneficial influence. 
None of the alloys listed in this table was attacked at 
80®/90°C, by acid of any concentration. 

Table CIII. 

Action of Boiling Acetic Acid on Complex AuHenitic Steels, 


Miirk. 

Carbon 

% 

Chromium 

% 

Nickel 

% 

Silicon 

% 

Co|per 

Molybdenum 

% 

A. 

010 

251 

20*9 

0-91 




B. 

010 

17-8 

101 

0*36 

2*2 

— 

C. 

013 

17*4 

101 

0-54 

— ! 

8-42 

1). 

0*35 

20*9 

10-6 

0-54 

— 

8*78 


(Rates of attack in grams per sq. m. per hour.) 


Mark . 

Concentration of Acid. 

6 % 

10 % 

15% 

83% 

«o% 

80% 

100% 

A. 

nil 

nil 

2-86 

3*74 

2-64 

0*81 

0-40 

B. 

nil 

nil 

1-5 

2-25 

4-96 

075 

0-45 

C. 

nil 

nil 

nil 

nil 

1-26 

0-93 

0*80 

D. 

nil 

nil 

nil 

nil 

nil 

nil 

i 

nil 


Table CIV. 

Action of Acetic Anhydride on Stainless Steels. 


(Rates of attack in grams p?r sq. m. per hour.) 


Composition of Steel. | 

Temperature of Test 

Carbon 
. % 

Chromium 

% 

Nickel 

% 

Copper 

% 

Molybdenum 

% 

15* C. 

80* C. 

BoiUng. 

■tail 


0*80 

mn 



1 

nil 

nil 

0-89 





— 

nil 

nil 







nil 

nil 



14-9 1 

B3H 


— 

nil 

ni^ 

0-56 


14*9 

10*7 


— 

nil 

nil 

nil 

0-lB 

17'2 



8*24 

nil 

nil 

nil 

0*26 

17*4 


2-45 

i 

nil 

nil 

nil 
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liwiU be noticed from Tables Cl' to <311 that the rate 
#of attack of the XOO per cent, acid is considerably less 
that of 00/80 per' cent, strength. The corrosive effect of 
acetic anhydride is still less marked ; the austenitic steels 
resist this compound completely, even when boiling, while tlie 
stainless irons possess a useful degree of resistance; see 
Table CIV. 

4 

Table CV. 

Action of Acetylaiing MiHureii on Stainless Steels, 

(Rates of attack , ill grams ])er s(]. in. per hour.) 


Analysii* of Sti'clp. 


Xo. 

Carbon 

% 

Cliromiiira 

o/ 

Xickel 

0 

» 

CoUpfT 

/O 

Molybdenum 

0) 

(2) 

(8) 

(M 

(3) 

0-07 
0]2 
01 s 

01 0 

01 3 

17-2 

1 kO 

20 *2 
17-8 
17*4 

0-24 

107 

8-8 

10‘1 

101 

1 

2*2 

342 


No. 

Acetic Acid. 

4-7i% Acetic Anhydride. 

5 % K'Ulpliuvic Acid. 

'Hi% Acetic 
Acid. 

10 Vo Sulphuric 
Acid. 

00 Vo Acetic Acid 
5 Vo S.iljdiuric 
Acid. 
r>V(* Water. 

JbiVV* Acetic Acid. 

:Wi!i Acetic Anhydride. 
3:i% /dne Chloride. 


15" C. 

10 " c. 

80" (' 

15" C. 

C. 

15" C. 

40" C. 

(1) 

2-76 

3-36 

- - 

— 

— 

0-02 

120 

(2) 

nil 

nil 

34 

on 

041 

001 

0‘08 

(3) 

nil 

nil 

3*7 

— 

— 

1 0015 

0*10 

(4) 

nil 

nil 

1-2 

010 

0*19 

001 

0*06 

(5) 

nil 

nil 

0-74 

nil 

nil 

0 01 

0-08 


In the rayon industry, mixtures of acetic acid and 
acetic anhydride, together with some catalyst capable of 
absorbing Wter, such as sulphuric acid or zinc cliloride, are 
used in the preparation of cellulose acetate ; these mixtures 
vary rather widely in composition and may be used at temper- 
atures which are stated to lie between 25°C. and 70®C. 
Satisfactory resistance against quite a number of these 
solutions may be obtained with the austenitic chromium- 
niakel steels and still better results with those containing 
molybdenum in addition. The stainless irons are not so 
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good, tiiough pdssibly in some cases they might be usefui 
The results of tests with a number ‘of these soluticms are'^ 
given in Table CV. 

Carbolic Acid (Phenol). A 5 per cent, aqueous solution 
of this acid Jiad no action, either at atmospheric temperature 
or at boiling point on stainless iron or steel (12/14 per cent, 
chromium) or on an austenitic steel containing 14*0 per cent, 
chromium and 10-7 per cent, nickel. ^ 

Citric Acid. Even dilute solutions of this acid attack 
the ordinary 12/14 per cent, chromium steel slightly at 
atmospheric temperature, although fruit juices containing 
an equal amount of the acid are generally quite free from 
any such action. 

The higher chromium stainless irons have a reasonable 
resistance to cold solutions of the acid and also to very 
dilute solutions when hot, but they are attacked by more 
concentrated hot solutions. Some typical results appear in 
Table CVI. 


Table CVI. 

Action of Citric Add on Stainless Irons. 
(Kates of attack in grams per sq. m. |)er hour.) 


Analyslfl of Iron. | 

Temp- 

erature 

of 

Test. 

Concentration of Add. 

Carbon 

% 

Cbrotnlvim 

% 

Nickel 

% 

: 6% 

! 10% 

25% 

60% 

010 

15-5 

0-89 

15T. 

nil 

MO 

2*42 

2-98 




mx. 

6*04 

4*02 

111 

10*8 




BOX. 

34-6 

54-2 

691 

50-7 

O'lo 

17-9 

0-28 

15X. 

nil 

. nil 

nil 

nil 




40X. 

nil 

0-46 

10 

0‘41 




BOX. 

nil 

40-7 

462 

57*5 


The austenitic chromium-nickel steels, containing 15/20 
per cent, chromium and 12/7 per cent, nickel will "resist th^ 
attack of solutions containing up to at least 50 per cent, 
add at all temperatures up to and including boiling point* 
A solution saturated at lOOT. or higher, however, attatks 
all these d^eels quite rapidly — see Table CVH — ^although it 
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' > 

he noted that passivity may occut^, resulting in no 
attaok, even under these severe conditions^ 

Commereial eitric acid frequently contains small amounts 
ctf Sulphuric add ; solutions of such impure add attack the 
austenitic steels at boiling point quite rapidly^ even if the 
sulphuric add content be as low as 0-2 per cent. It should 
be noted, however,^ that passivity effects frequently arise 
with such solutions ; a sample that has been attacked by 
eiK^osure to the boiling impure acid may show no further 
effect on being exposed again to its action. 


Table CVII. 

Action of Citric Acid on Chromium-N ickel Steels. 


(Rates of attack in grams per sq. m. per hour.) 


Analysis of Steel | 

Temperature 

ol 

Test 

Concentration of Arid 

Carbon 

% 

Chromium 

% 

Nickel 

% 

. 5% 10% 26% 60% 

Saturated 

1 at 100* C 

012 

14-9 

10*7 

1 15Y. 

nil 





1 ioX. 

nil 





80°C. 

nil 

— 




boiling 

nil 

40-2 

012 

180 

8*2 

15%\ 

ml 

- 




40T. 

ml 

— 





nil 




1 

boiling 

ml 

18-7 


Cresylic Acid has no action on the high chromium 
irons or the austenitic steels, even at boiling point. Results 
of tests on such alloys are given in Table CVIII. 

Table CVIII. 


Action of Cresylic Acid on Stainlet>i> Steels, 

Composition of Steel 


Carbon 

% 

Obromimn 

% 

Nickel 

% 

Moijbdenmn 

% 

15*, 40*. 60^, SO* C., and b.p- 

007 

15-7 

016 



0-10 

lO'O 

10-2 

— 

>-No action in any cas 

'O-IS 

17-2 

101 i 

1 

j 

j 
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Formic Acid is distinctly more corrosive th8n , acetic 
acid. The austenitic chromium-nickel steels possess a 
reasonable resistance to solutions of this acid at atmospheric 
temperature but they are readily attacked by hot solutions. 
The pure acid (100 per cent.) is much less corrosive than its 
acjueous solutions. The best resistance appears to be 
obtained with chromiuin-nickel-molybdenum steels, see Table 
CIX ; these, however, arc attacked at boiling point or at 
somewhat lower temperatures. 
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Lffcctic Acid* Solutions of this acid attack the 'S tah d es f 
ifms even at atmosphaic temperature, the rate of attadk 
apparaitiy increasing with dilution* as will be seen from the 
data in Table CX regarding material of this type ; raising 
the temperature to 40®C* increases the rate of attack con- 
siderably. 


• Table CX. 

Action of Lactic Acid on Stahiless Steels, 
(Rates of attack in grams per sq. m, per hour.) 


Composition of Steel. 


Concentration of Acid. 

Carbon 

% 

Chromium 

% 

Nickel 

% 

Temper- 
ature 
of Test. 

6% 

50% 

100% 

009 

16-8 

0-17 

15*^0. 

1-21 

0-72 

01 7 




40®C. 

11-2 

8-47 

1*79 

0-14 

16-8 

10-5 

15°C. 

nil 

nil 

nil 




40°C. 

nil 

nil 

0-27 


1 


eo'C. 

nil 

nil 

0-87 




so^c. 

nil 

0-02 

1-45 




bp- 

0-49 

20-6 



The austenitic steels resist its attack perfectly satis- 
factorily under such conditions but are attacked at higher 
temperatures, even by dilute solutions. Thus Messrs, 
r. Krupp report that “ V.2.A.,’* “ V.4.A. ’’ and “ V.6.A.” 
are all attacked at a rate of l-0/3*0 grams per square ihetre 
per hour by a boiling solution containing 1'44 per cent, of 
the acid ; also, Messrs. T. Firth & Sons, Ltd., state that a 
sample of “ Staybrite ” was attacked at a rate of 1*67 grams 
per square metre per hour by a 50 per cent, solution at a 
temperature of 100°C. Further data given in Table CX. 

Lactic acid is, of course, present in sour milk ; but it 
does not follow that the latter material will attack the 
stainless irons in the same way as pure solutions of lactic 
acid. The colloidal organic matter present in milk exercises 
a retarding action on lactic acid similar to that produced, 
for example, on acetic acid in vinegar. Actually, the high 
qbromium irons resist perfectly the attack of milk, sow or 
c^erwise. 
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Tahle CXI. 

Action of OxctUc Acid on Staitdess Steels. 
(Rates of attack in grams per sq. m. per hour.) 


Oompo«ltiou u( Steel. | 


Concentration of Add* 

CAfbon 

% 

Chru- 

miiim 

% 

Nickel 

% 

Copper 

/u 

Mol>b- 

denuiu 

“o 

Temper- 

ature 

of 

Te^t. 


Saturated 

at 

16* C. 

009 

18-5 

0*80 



15T. 

0*64 

1*64 






40T. 

2*49 

5*14 







8*28 

27*8 






80“(\ 

80*7 

40*5 






b.p. 

15T. 


110 

007 

15-7 

016 


— 


0*81 






40T. 


1*01 






COT. 

0*42 

8*78 






80°C. 

18*5 

85*8 






b.p. 

52*9 

93*4 

0.08 

20*7 

0*28 

— 

— 

15T. 

— 

nil 






40°C. 

— 

nil 






b.i). 

15°C. 

— 

7*2 

0-10 

15-2 

11-4 

- . 

- 

0*09 

nil 






40“C. 

0*80 

1*08 






60T. 

2*0 

5*58 






80T. 

3*74 

7-2 






b.p. 

8*6 

7*6 

0-12 

180 

8-2 

— 

— 

IS^C. 

nil 

nil 






40°C. 

nil 

0*25 






60°C. 

0*68 

2*02 






80°C. 

1*58 

4*78 






b.p. 

8-27 

5*46 

018 

20*1 

9*9 

— 

— 

15°C. 

nil 

nil 






40%’. 

nil 

nil 






80°C. 

nil 

nil 






b.p.. 

2*89 

4*00 

oao 

18-4 

8*4 

— 

4*1 

15%. 

nil 

nil 






40%. 

nil 

0*24 

* 





60%. 

nil 

0*25 






80%. 

nil 

0*24 






b.p. 

1-86 

8*29 

010 

17*8 

10*1 

2*2 

— 

15%. 

nil 

nil 






40%. 

nil 

- 0*14 






60%. 

Oil 

1*62 






80%. 

1-69 

1*71 






b.p. 

2-67 

8*86, 
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Oleic $gnA other Fattjr Adils have tio aetioa on 
ateinlm steel either* when cold or heated to about 14QT, 
At 180*^0, a slight attack {0*18 grams per square metre per 
hour) was produced on a stainless iron eontainmg 15^4 per 
cent, chromium, but even at this temperature, an austenitic 
steel (** Anka was quite unaffected. Messrs. F, Krupp 
report that at 2(K)®C., under two or three atmospheres 
pressure, V.2.A., •V.4.A. and V.6.A. were “ vollkommen 
bestandig/’ this term signifying that their rate of attack 
(if any) was less than 0-1 gram per square metre per hour. 

Oxalic Acid attacks stainless irons, especially when 
hot, though if the chromium content be rais^ to at least 
20 per cent., no attack is produced at temperatures up to 
40®C, The austenitic steels are satisfactory at atmospheric 
temperature — a high chromium content is also an advantage 
here — but they are attacked by hot solutions. Somewhat 
better results are obtained from molybdenum-containing 
steels, but addition of copper appears to have only a slight 
effect ; see Table CXI. It may be noted that the oxalates, 
formed as a result of attack on the various steels, are 
sparingly soluble ^alts ; hence the manner of their deposition 
on the steel, and the adherence or otherwise of the deposit, 
are likely to affect considerably the further action of the 
acid on the steel. 

Tannic Acid. The results of tests on mild steel and 
on three typical varieties of stainless steel are given in 
Table CXII. The solution in contact with the 12/14 per 

Table CXII. 


Action of Tannic Acid on Ordinary Mild Steel and on Stainleas 

Steels. 

(Rates of attack in grams per sq. m. per hour.) 


Composition of Steel I 


1 Temperature of Test 




ConcontrAtion 



Cerbon , 

Chromium 

Xickel 

of 



% 

% 

% 

Acid 

15’ C. 

80/»5*C. 

026 





0-04* 

0 92 * ■ 

0-80 

12-6 

0*79 

»> 

nil 

o-oist 

O^B 

15-4 

0*80 


nil 

nil 

010 

15*2 

11-4 


nil 

nil 


• * Soliitioii turned Uaok as ink, 

Sointion darkened slightly. 
















m 


sarntm iron AND SfEEL 


cent, cbromium steel at 80/85’’C. was darkened s%h%t bid: 
no change in colour was observed in the solutions in any of 
the other tests on the stainless steels. The solutions in which 
the ordinary mild sted was placed rapidly turned black as ink. 

Tartaric Acid attacks stainless irons distinctly 
at atmospheric temperature and rapidly when hot. The 
austenitic steels give much better results, but a content of 
at least 18 per cent, chromium is necessary if resistance to 
boiling solutions of moderate concentration is desired. All 
such steels, however, even with as high a chromium content 
as 21/22 per cent., are rapidly attacked by a boiling solution 

Table CXIII. 

Action of Tartaric Acid on Stainless Steels, 


(Rates of attack in grams per sq. m. per hour.) 


ComiKMiltlon of Steel. | 

Temp- 

erature 

of 

Teit. 

Concentration of Acid. 

Oarbon 

% 

Chro- 

mium 

% 

Nickel 

% 

Molyb- 

denum 

% 

1% 

B% 

26 % 

50% 

Saturated 

at 

b.p. 

0*09 

18*5 

0*80 



15°C. 

0*88 

2*76 

8*12 

6*0 

— 





40T. 

2*67 

11*0 

22-8 

38*8 

— 





b.p. 

— 

90*5 

246 

69*8 

— 

0*09 

161 

0*17 



15°C. 

nil 

0-6 

M5 

1*46 

— 





40°C. 

nil 

2-84 

5*47 

6*47 

— 





b.p. 

— 

17*7 

127 

68*6 

— 

0*12 ' 

14-9 1 

10*7 


15^C. 

nil 

nil 

nil 

nil 

— 





40*0. 1 

nil 

nil 

nil 

nil 

— 





b.p. 


nil ' 

11*0 

21*8 

9*8 

0*10 

17*1 

8;1 



60°C. 



nil 

1*2 

1*88 

— 





b.p. 

— 

nil 

15*2 

16*6 

— 

012 

18*0 

82 


15°C. 

nil 

nil 

nil 

nU 






40*C. 

nil 

nil 

nil 

nil 

— 





b.p. 

nil 

nil 

nil 

nil 

18-9 

0*14 

21*8 

11*0 


15*0. 

nil 

nil 

nil 

nil 


* ^ 




40“C. 

nil 


nil 

nil 

— 





b.p. 

— 

nil 

nil 

nil 

14*6 

0*13 

17-2 

10*1 

8*42 

1S*C. 

nil 

nil 

nil 

nil 

— ' 





40*0. 

nil 

nil 

nil 

nil 

— 





b.p. 


nil 

nil 

nil 

iH 
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stttmttted Bit boiH&g pcwt. Am adclition of noolybdcsiiijn to 
the eteel produces b. distinct improv^ent in titie 
to the boilii^ ooncentrated solutkm, but immunity frain 
attach is not attained ; see Table CXIIX. . 

Fatigue and Corrosion-Fatigue. The problem of 
the strength of materials under alternating or repeated 
stresses is of the utmost importance in certain branches of 
eni^eering work? its importance is, frequently, increased 
considerably when corrosion takes place simultaneously with 
the alternating or pulsating stresses. 

It has been known for many years that a stress which 
would cause no apparent damage to a metal part if applied 
once or a few times, might cause failure if repeated a very 
large number of times. Similarly, failure might occur if 
the stress alternated rapidly between positive and negative 
values (i.e. alternate tension and compression) during a con- 
siderable period of time. The failure of metals under such 
repeated or alternating stresses has been known under the 
general name of “ fatigue ” and many investigations have 
been carried out to determine the maximum range of stress 
which could be applied indefinitely to specific metals without 
causing failure. For many years it was considered that the 
elastic limits in tension and compression represented the 
maximum stresses to which metals could be submitted 
without fatigue, and hence the value of the elastic limit in 
tension (that in compression being similar in normal metals) 
was looked upon as the criterion of fatigue-resisting properties. 
Investigations carried out during the last fifteen or twenty 
years, by the Air Board in this country (*), by Prof. Moore 
and his associates at Illinois (f), by Dr. McAdam (J) and 
by others, have shown that there is no apparent connection 
between the elastic limit in tension (or the yield point for that 
matter) of a metal and its fatigue range. On the contrary, 
the only value given by the tensile test which showed any 
regular relation to the fatigue range was the maximum 
stress, and this relation was only approximate. 

* ** Bepoxt on the MaterialB of CSons traction used in Aircraft and Alranll 
£!ngineB.** H.M. Stationery Office. See also “ Fatigue in Metals**^ H. J. Goxi|^ 

i ** An Investigation of the Fatigue of Metals.'^ H. Koore, J. B. Kosnnem* 
. M, Jasper. Bng. ExpH. Buaion, Vniv, ofllUnoia,, BuUetim No». 124» 

14^ i|E2. See also The Fatigue of Metals/* n. Moore and J, B. Kommera. 

1 ** Bndnraaee of Steel under Repeated Stresses.** J>, J. MoAdam. Ohem, 
\iffed Jfef. Bng,, Beoember 14th, ld21. ** Endurance Froperties of Steei*' 

B. J. MoAdam. Proc. A,8,T.M,, Vol. XXIU, Ft. 2, p. M (1922). 
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These investigations showed that in the case wh«» the 
stress alternated betwe^ tension and compression values dt, 
the same magnitude, the maximum value to which- this . 
stress could be raised without the steel exhibiting evidence 
of fatigue was 45 to 50 per cent, of the maximum stress in 
tension. This value is generally known as the “ fatigue ” 
or “endurance” limit. While the relatiimship mentioned 
above held for quite a number of metals, it was not universally 
^e ; there were exceptions, notably among metals other 
than iron and steel. As an indication of the type of agree- 
ment found among ferrous metals, however, the results 
given in Table CXIV are taken from the Air Board publica- 
tion mentioned earlier : — 

Table CXIV. 


Fatigue Ranges of Various Steels. 


Hsterlftl. 

Elastic 
Limit, 
tons per 
Bq.lnch. 

Max. 
Stress, 
tons per 
sq. inch. 

Fatigue 
Limit, 
tons per 
sq. Inch. 

Ratio of 
Llmi 

Elastic 

Limit. 

Fatigue 
t to 

Max. 

Stress. 

OaM hardenitig 

17-6 

39*6 

±18-4 

1*04 

0*47 

„ „ 3% nickel 

16-0 

65-6 

±31*0 

1*94 

0*47 


14-0 

60*0 

±30*0 

2*15 

0*60 

", !. 6% „ 

20-0 

67*8 

±26-5 

1*32 

0*61 

Air liaideiung nickel chrome steel, hardened . . . 

20-0 

109*1 

±46*6 

2-28 

0*42 

„ „ temp. 200° 

36-2 

101*2 

±61*6 

1*42 

0*61 

M n 400° 

63-3 

97*9 

±47*6 

0*89 

0*49 

»» »f »t »» »« 600° 

61*7 

82*4 

±41.6 

0*80 

0*60 

.. M M M » 600° 

40*9 

70*1 

±35*6 

0*87 

0*60 

Kickel ohromo steel, oil hardened and tempered 

660 

657 

±33*0 

0*60 

0*60 

Chrome vanadium steel, hardened and tempered 

44*8 ! 

62*9 

±32*8 

0*73 

0*52 

Vild steel, normalised 

23*1 

37*9 

±170 

0*74 

0*46 

„ „ hardened and tempered 

26*4 

46*8 

±19*0 

0*76 

0*41 

„ „ odd worked 

18*2 

40*8 

±19*1 

1*06 

0*46 

„ temp. 260° 

20*6 

40*1 

±18*4 

0*90 

0*46 

M 400° 

28*1 

39*9 

±19*0 

0*68 

0*48 

r, „ » M M 660° 

26*0 

36*8 

±18*0 

0*72 

0*49 


It will be seen from these tests that the ratio between 
fatigue range and maximum stress is fairly constant; on 
the other hand, there is no apparent relation between fatigue 
limit and elastic limit. 

Investigations as to the fatigue limits of various types 
of stainless steels indicate that these behave, in the main, iii 
the same way as other ferrous metals. Some typical values 
are given in Table CXV and ftirth^ data will be found in 
iWhle CXVI (page 896). 
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It wOl be noticed that only one steel of the V,8.A,** 
type is included among those listed *in Table CXV ; the 
results on two different bars of this material {of whicdi, 
unfortunately, the heat treatment is not recorded), gave 
rather low values for the fatigue limit. Dr. Hatfield’^ has 
obtained still lower results on a sample of “ Staybrite ” ; 
he quotes a fatigue limit of 17-0/17-5 tons per square inch on 
a fully softened piece of this material* which presumably 
Would have a tensile strength of about 50 tons per square inch. 

It has been found, however, that the fatigue strength of 
a metal is very appreciably affected if it be subjected simul* 
toneously to alternating stresses and to corrosion. Apparently 
the first recorded observation on these lines was made in 
1918 in this country and related to a remarkable series of 
fractures of railway carriage axles.f Although broken axles 
had not been unknown, they had become rare prior to the 
date in question, when a number of axles fractured in rapid 
succession in the bogies of new carriages of one of the leading 
railways in this country. Investigation showed that the 
fractures were all in one particular position relative to the 
carriage body — a position, it may be noted, where it had been 
unusual for fractures to occur — and that this particular 
position was exposed to spray from the lavatories on the 
carriages. Although the axles were not appreciably corroded 
in the vicinity of the fractures, on the contrary they appeared 
to be cleaned by the spray, it was inferred that the latter 
had exerted some form of corrosive action. The lavatory 
vents were accordingly rearranged so as to throw the spray 
clear of the axles and the carriages put back into service; they 
continued in use undernormal traffic conditions without mishap. 

The second case, also recorded by Prof. Haigh, occurred 
during the war. In order to protect shipping against moored 
mines, contrivances called “ Paravanes ” or “ Otters ” were 
employed. These were kite-like bodies which were attached 
by steel ropes to the stem of a vessel. When the latter 
moved through the water, the paravanes — acting in a similar 
manner to kites — stretched out the towing ropes on each side 
of the vessel. In this position, the ropes intercepted the 
moorings of mines with which they came into contact, first 

^ ** TIiS Bdwioimie&t of Staybriie Stael.'* Messrs. T. Firth a Sons, Ltd. 

f in Relation to Fatigue in Metals." Professor B. P. Hai#« 

Bnjr., March, 192a 
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d^ledai^ tile tnine from the vessel W finally severing Its 
monring. The towii;^ ro{>e6, however, were in a state of 
rapd vilvation owing to eddies being formed round them in 
the water and, as a result, they rapidly failed by fatigue in 
an idarming manner. No improvement resulted from the 
use of thicker ropes or of steels of higher tensile strength 
but, as it was concluded that corrosive effects were being 
produced, protection of the wires by galvanising was tried. 
This immediately led to an increased endurance in the ratio 
of 8 or 4 to 1. When the wires were so paotected, different 
qualities of steel revealed different endurances— a feature 
markedly absent in the case of unprotected wires — and 
actually the best results were obtained by using wire possess- 
ing a tensile strength of about 120 tons per square inch. 

These results, however, were not published until 1929* 
and, meanwhile, the serious results attending the simultane- 
ous application of corrosion and alternating stresses had 
been rediscovered, entirely independently, by Dr. D. J. 
McAdam. The latter while investigating the fatigue limits 
of various metals, had employed a stream of water for the 
purpose of cooling specimens tested under high stresses. 
The results obtained under such conditions, however, indicated 
that the corrosive action of the water had an extraordinary 
effect on the fatigue strength of steels. It is impossiblef to 

* In 1917, Haigh published the results of some exmriments on brasses in whioh 
the specimens, while under repeated stress, were suoieoted to the action of salt 
water, ammonia or hydrochloric acid. He found slight lowering of the fatigue 
resistiwce of Muntz metal and naval brass by the action of ammonia, but found no 
such lowering with other combinations of metal and corrosive agent. 

t The following papers by McAdam may bo consulted : — 

“ Stress-Strain-Cycle Relationship and Corrosion-Fatigue of Metals.'* Proa* 
A,a,T,M., 1926, Pt. 2. 

** Corrosion-Fatigue of Metals as Affected by Chemical Composition, Heat 
Treatment and Cold Working.” Tmna. AM 8.T., 1927, Vol. 11, p. 356, 

** Corrosion-Fatigue of Non-Ferrous Metals.” Proc, AM,T,M,, 1927, Pt. 2. 

** Fatigue and Corrosion-Fatigue of Metals.” Intemat. Congress for Testing 
Materials. Amsterdam. Sept., 1927. 

Corrosion of Metals as Affected by Time and by Cyclic Stress.** A ./* M, M.E» 
(Feb., 1928), Tech Pah, No. 58. 

"Sam Factors Involved in Corrosion and Corrosion-Fatigue of Metals.*' 
Proc. AM.T.M., 1928, Pt. 2. 

" CoiTosi<ai of Metals as Affected by Stress, Time and Number of Cyoies.’* 
AJ.M.M.E. (Feb., 1929), Tech. Pub. No. 176. 

" Fatigue and Corrosion-Fatigue of Spring Material.*' Amer, Soe. JHech. Fug., 
l£o., 1928. 

" Corrosion of Metals under Cyclic Stress.” Proc. A.8.T.M,^ 1929, Pt. 2. 

" Influence of Cyolio Stress on Corrosion.” A.l.M.M.Pi. (Feb,, 1930) Tech. 
PeUt, No. 329. 

"The Influence of Stress Eai^ and (lyole Frequency on Corrosion*” 
AM.T.M., June, 1930. 
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give here an account of aB Dr* McAdam's but it may 
be briefly stated that his results show : 

(1) The corrosion-fatigue limit in fresh water bf.all 
carbon steels tested lies between about 7 and 11 tons 
per square inch, irrespective of their carbon content, heat 
treatment or tensile strength. The corrosion-fatigue limit 
of steels containing more than about 0*2 per cent, carbon 
appears to be somewhat lower in the hardened and tem- 
pered condition than in the annealed, notwithstanding the 
higher tensile strength and normal fatigue limit in the 
former condition. 

(2) The first stage in corrosion-fatigue is probably 
the formation of a pit. If the pit is produced under an 
initial stress below the normal fatigue limit, its formation 
must be due to corrosion effects, though these are probably 
aided by the stress. As the pit progresses in depth, there 
is intensification of the actual stress at the bottom of the 
pit and, due to this, of the rate of its propagation by 
corrosion. The combined effects lead to the failure of the 
piece at an accelerated rate. 

(8) It is highly probable that the rate at which 
corrosive effects are produced is accelerated by the simul- 
taneous application of stress because experiments show 
clearly that if a test piece be exposed to corrosion in the 
absence of stress and then tested in fatigue, further 
corrosion being excluded, the effect on the fatigue strength 
is far less marked than if corrosion and stress are applied 
simultaneously. In the case of metals where protective 
films have an important bearing on resistance to corrosion, 
these effects of stress are understandable. Such a film is 
likely to be cracked, and its efficiency as a protective 
* agency thereby impaired, if it be subjected to rapidly 
alternating stresses. 

(4) The ordinary structural alloy steels appear to be 
no better than carbon steels. For example, a steel con- 
taining 0*4 per cent, carbon and 8*1 per cent, nickel, was 
hardened and tempered to give a tensile strength of 112 
tons pet square inch and was then found to have an 
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^ardinttiy. fotigue limit of 47 tons 'pet square inch. lih 
c(xrrosio&*fatigue limit, when tested in fresh water, was 
rather less than 6 tons per square inch. The rapidity with 
yrhich this steel was affect^ maj!’ be illustrated ^ the 
fact that when tested in water at 47 tons per square 
inch — a stress under which, apart from corrosive effects, 
it would last indefinitely— it broke in half an hour. 

a 

(5) The corrosion-fatigue limit of stainless irons and 
steels containing 12/20 per cent, chromium appears to lie 
between about 18 and 18 tons per square inch ; the value 
probably rises slightly with the chromium content in this 
range. A further increase to 27 per cent, chromium did 
not increase the corrosion-fatigue limit appreciably, but 
this may be due to the low tensile strength of the high 
chromium alloy. 

(6) The austenitic chromium-nickel steels are still 
more resistant, giving values of 20/28 tons per square 
inch. Obviously, however, these high values can only 
occur in alloys whose normal fatigue limit is at least as 
high as this. 

(7) The corrosive effects of sea water are considerably 
greater than those of fresh water. The data available is 
rather meagre but it suggests that the ordinary stainless 
irons and steels (12/14 per cent, chromium) have a corrosion- 
fatigue limit in seawater of about 6/8 tons per square inch, 
though a few rather higher values have been obtained. 
The austenitic alloys give values of about 12/15 tons per 
square inch, 

A summary of Me Adam’s results will be found in 
Table CXVI. It is obvious that these results are of very 
considerable importance to designers of engineering structures, 
particularly in chemical plant, which are to be subjected 
simultaneously to alternating stresses and corrosion. The safe 
working stresses in such cases are low, but they are appreci- 
ably greater in the case of stainless steels, especially the 
ajistenitic type, than in either carbon steels or the ordinary 
alloy steels widely used now-a-days for engineering purposes. 
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Tab^e CXVI. 

Fatigue and Cmasion-Fatigue Limits of Various Steels. 


Composition of Steel, 


No* 

Carbon 

% 

Silicon 

%' 

Man^nese 

Chromium 

% 

Nickel 

% 

Coj^r 

Vanadium 

(1) 

0-24 

0-01 

0-57 

— 

' (i 

— 

— 

(2) 

0-82 

0-21 

0-60 

— 

8*47 

— 

— 

(8) 

0-47 

1*58 

0*87 

0*82 

8*11 

— 

— 

(4) 

0-46 

0*24 

0-69 

0-88 

— 

— 

0-14 

(5) 

0*10 

0*29 

0*34 

18*8 

0*51 


— 

(6) 

012 

018 

0-40 

12*67 

0*45 



(f) 

0-11 

0*15 

0*34 

12*9 

0*11 

— 


(8) . 

014 

0*64 

0*46 

17*09 

0*01 

— 

— 

(9) 

0'19 

0-55 

0-81 

20*94 

0*17 

0-92 

— 

(10) 

0-20 

0-28 

0-82 

27*87 

0*19 

— 

— 

(11) 

1 

0-88 

I 

0-20 

1 

0-26 

14*5 

0*28 

— 

— 

(12) 

0*08 

0*28 

0*18 

12*2 

0*18 

— 

— 

(18) 

0*11 

010 

0*04 

11*84 

0*07 

0*04 

— 

(U) 

0-88 

0*09 

0*08 

11*64 

0*08 

0*84 

— 

(18) 

018 

0-22 

006 

13*86 

0*08 

0*45 

— 

(16) 

0-09 

0*10 

007 

18*76 

0*12 

016 

— 

(17) 

0*09 

010 

0*29 

15*09 

0*15 

— 

— 

(18) 

0'24 

0*27 

0*51 

20*48 

0*25 

0-67 

— 

(19) 

0'16 

0*44 

0*28 

17*8 

8*19 

— 


(20) 

0-88 

2*86 

0*71 

15*9 

15*9 

— 

— 

(21) 

0*89 

0*14 

0*66 

17*7 

25*8 

— 

— 

(22) 

0*89 

0*15 

1*10 

10*9 

84*7 
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Table CXVt—Cot^mutd. 


FoUgue and CoirosuM-FaHgue Litmts Various Ststis, 


No. 

Treatment. 

Maximum 
Streaa, 
tong per 
gq. inch. 

£longa> 

tion 

per cent, 
on 2 ing. 

Eeduo* 
tion 
of Area 
(ler cent. 

Fatigue 
UiSt. 
tong per 
sq. inch. 

Corruaion-FaUgue 

Z4sitt 

(tong per aq.lneh). 

Freah 

Water. 

Sea 

Water, 

0) 

W.H.900“,T.480'’C. 

85-2 

26*0 

68*1 

16*6 

7*8 


F.C.900°C. 

24-9 

89*0 

597 

10*7 

7*6 


(2) 

W.H.790“, T.540°C. 

560 

21*5 

65*8 

80*9 

11*2 

— , 

F.C.900®C. 

41*4 

80*0 

58-5 

22*0 

18*0 

— 

(«) 

O.H.815®, T.400“C. 

1120 

8*5 

46*5 

48-5 

5*7 


.F.C.800'’C. 

61-5 

22*5 

46*4 

29-1 

10*2 

— 

{*) 

O.H.860®, T.400°C. 

80*2 

14*0 

47*8 

85*0 

7*8 

— 

„ T.540‘’C. 

65-6 

16*5 

54*4 

81-0 

7*8 

— 


F.C.860‘’C, 

44-2 

28*0 

58*8 

18*8 

9*8 

— 

(5) 

W.H.985° T.540T. 

78-5 

19*0 

61*2 

29*0 

9*8 

— 

„ T.595°C. 

55-6 

22*0 

70*1 

29*5 

11*8 

— 


„ T.650°C. 

46*7 

230 

70*0 

25*2 

14*7 

— . 


F.C.875‘=*C. 

360 

34*5 

73*5 

20*3 

11*8 

— 

(6) 

Hard’d and temp’d 

50*2 

23*5 

66*8 

24*0 

17*5 

— 

(7) 

Annealed ... 

40*0 

35*5 

64*2 

25*0 

17-0 

12*0 

(8) 

F.C.925'’C. 

39*2 

29*0 

61*3 

21*0 

19*5 

11*5 

(9) 

Annealed ... 

39*3 

28*0 

52*2 

21*0 

18*1 

18*5 

(10) 

Annealed 

36*2 

28*0 

57*0 1 

19*5 

17*5 

13*5 

(11) 

O.H.985°, T.580®C. 

800 

13*0 

40*2 I 

39*4 

14*8 

— 

„ T.650°C. 

52*6 

21*0 

52*3 

28*8 

16*8 

12*1 


F.C.925°C. 

42*2 

30*0 

61*3 

28*2 

16*1 

16*1 

(12) 

F.C.985'’C. 

27*5 

41*0 

67*5 

17*4 

18*4 

— 

W.H.985°,T.650''C. 

40*4 

26*5 

74*8 

21*8 

18*8 

— 

(18) 

F.C.870°C. 

35*6 

32*0 

65*6 

18*3 

15-2 

6*2 

(14) 

F.C.925®C. 

43*5 

28*0 

59*5 

23*2 

15*6 

— 

(16) 

W.H.985° T.630‘’C. 

40*7 

25*5 

63*5 

26*8 

17*8 

5*8 

(16) 

.j ••• 

87*8 

28*5 

70*8 

22*3 

15*6 

8*0 

(17) 

Not stated 

45*8 

25*5 

59*0 

— 

14*7 

— 

(18) 

*7 »» 

49*5 

22*5 

41*5 

— 

21*4 

— - 

(19) 

»> if 

56*0 

45*5 

53*2 

22*3 

22*3 

11*2 

(20) 


56*5 

26*0 

88*0 

28*5 

22*7 

— 

(21) 

Not stated 

51*5 

22*5 

34*9 

24*2 

20*1 

15*2 

(22) 

»* i» 

50*2 

29*0 

49*6 

25*4 

18*8 

9*8 
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CHAPTER VII 


HEAT RESISTING STEELS 

* 

, Very soon after stainless steel was used commercially for 
the manufacture of cutlery, it was noted that it scaled much 
less than ordinary steel when heated to the temperatures 
commonly used for heait treatment processes. The difference 
was apparent even at tempering heats ; for example “ temper 
colours ” could be produced on a polished surface of stainless 
steel, but generally a much higher temperature was needed 
for the formation of a given colour on this material than on 
ordinary steel. The colours noted below were produced on 
polished samples of hardened “ cutlery ” quality stainless 
steel heated to the temperatures indicated : 


Temperature. 

Temper Colour. 

800°C. ... 

Pale Straw. 

850°C. ... 

Brownish Straw. 

400°C. ... 

Brownish Purple. 

450°C. ... 

Bluish Purple. 

500°C. ... 

Reddish Purple. 

550°C. ... 

Purple Blue. 

600°C. ... 

Light Blue. 

650“C. ... 

Bluish Violet. 

700°C. ... 

Greyish Violet. 

750®C. ... 

Grey. 


Temper colours are known to be due to interference 
effects produced by thin films of oxide on the surface of the 
sted. The thickness of the film so formed increases with 
rising temperature and in due course b^mes sufficiently 
thick to be more or less opaque. Such a visible “ scale ” is 
produced on a 12 per cent, chromium steel at about 700®C* 
A polished surface of this steel, after being heated between 
700°C. and 800°C., becomes covered with an adh^^nt thin 
grey film, without however losing entirely its polished 
aspearance, and the sample neither gains nor loses weight 
appredably even after prolonged heating. Above about 

CC 401 
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82«®C. however the steel begins to scale a^prm^ly, ^ iiAte ’ 
of oxidation increasing as the tempearature rises. 

A similar sequwice of changes, though hot neoe^ariljr '’ 
at the same temperatures, probably occurs whm most 
metals, including heat resisting steels, are in contact withhtfd; 
oxidising gases. The differences in their behaviour, as 
regards temperatures necessary to produce similar effects, 
would seem to be due to the protectiven'ess or otherwise of 
the oxidation skin, or temper colour, first formed on theiC 
surfaces. If this skin be non-porous and tightly adherent, it 
is likely to protect the metal underlying it and hence prevent 
further oxidation ; on the other hand, a porous or loose skin 
will have no siniilar protective effect and hence will grow in 
weight and thickness. The latter conditions are typical of 
ordinary steel, for example ; the former are what should 
characterise a heat resisting alloy. At temperatures up to 
about 800°C., the oxidation film formed on 12/14 per cent, 
chromium steel is highly protective. At higher temperatures 
it gradually loses tins characteristic ; it thickens more rapidly 
and becomes less adherent. The steel enters what may be 
termed its “ free scaling ” range. 

The comparative behaviour of stainless steel and other 
types of steel on prolonged heating at high temperatures is 
illustrated in Fig. 192. In this experiment, samples of 
various steels, in the form of cylinders about | inch diameter 
and weighing 60 grams, were heated together in a gas-fired 
furnace. The temperature of the furnace was raised after 
definite periods of time as shown in the diagram. At the 
end of each 24 hours, the samples were drawn from the 
furnace and, after the loosely adherent scale had been re- 
moved, were weighed. The loss in weight is shoAvn as a 
percentage of the original weight. It will be seen that after 
being held for seven days in the range 700°/825° C. the 
sample of stainless steel had hardly altered in weight, the 
■ actual loss being 0*25 per cent. On the other hand^ the mild 
carbon steel and the ordinary types of structural alloy steels 
had lost amounts varying from 17 to 22 per cent, of their 
weight after the same treatment. The high speed steel loi^ 
7*1 per cent, of its weight and the 25 per cent, nickel Steel, 
t^ch most nearly approached the stainless steel, 2 *6 per cent. 

The resistence of stainless steel to scaling at t^i^perarr 
tutes up to rather more than 800® C. led to its secopd 
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iin^xlant eonuoerdal appiicaticm, nawdiy the ixunulAciturB of 
(SK^ust valves for internal combustioa engines. Its use for 
this iniriKtse i^tsumed very ctmaderable proportions during 
the Great War, partiicularly in connection mth aeroplane 
engines ; it led in fact to the whole supply of the steel in 
this country being taken by the Government for ww 
purposes. 



12 3 4 5 6 7 8 

— Time In Units Or 24 Hours — 


Fig. 192. Scaling tests on stainless and other steels. 


Since that time demands for steels for use at high 
temperatures have become more and more insistent and have 
been met; with greater or less success, by that product of the 
last deca^le heat resisting steel.” ftior to this period $uoh 
special equipment as was required to possess the property of 
stability at high temperatures, had been manufacture from 
nickel-chtotnium-iron alloys of the nichrome ” type. ISiese 
alloys, however, were very expensive and hence were only 
employed where operating conditions precluded th^ use of less 
resistant metals. Thus they were used for such equipmmt 
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AS electric heaters, thermocouples and special- patts of 
fimiaces. As a rule, however, the engineer was content to 
use much cheaper and less resistant material, e,g, cast iroti, 
design his equipment on a generous scale and replace it at 
frequent intervals. In the special equipment mentioned 
above, the property desired in the material was, generally 
speaking, resistance to oxidation. Recently, however, the 
demands of the engineer have widened* considerably and 
the modem heat resisting alloy is frequently called upon to 
be immune from the attack of various corrosive gases at high 
temperatures and to possess, while so heated, a considerable 
degree of strength and resistance to deformation. These 
diverse requirements are not always equally satisfied by 
specific alloys ; for example, two materials of different 
composition may be equally good in their resistance to 
oxidation at high temperatures but may possess widely 
different strengths while so heated. It will be useful, there- 
fore, to consider first resistance to oxidation as a function of 
composition, and afterwards, the relative strengths of 
different alloys. 

At low temperatures, a polished surface of high chromium 
steel commences to colour slightly at 200/300° C., depending 

Table CXVII. 

Temper Colours formed on Stainless Steels. 


Cotnpodltloii of Steel. Colour formed after 1 hour at 


0«ito& 

% 

Chro- 

mium 

% 

Nickel 

200" C. 

300" C. 

400" C. 

450" C. 

0*09 

16*0 

0*34 


Straw 

Bronze 

Blue 

0*10 

20*4 

0*80 

No 

>> 

>> 

Blue-bronze 

0*10 

24*4 

0*3T 

visible 

Faint straw 

Dark straw 

Bronze 

0*19 

83*4 

0*86 

colour 


Straw 

Dark straw 

Q.10 

15*2 

11*4 


Straw 

Bronze 

Blue 

0*12 

18*0 

8*2 


•• 




on composition. The higher the chromium content, the 
l^e temperature at which colour becomes visible, but 
even with 88*4 per cent., an appreciable tint was produced 
on a polished sample after heating for one hour at 800° C.. 
An indication of the effect of composition will be found in the 
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ttsatts of the detailed in Table CXVII. The ihe^sI^ 
tuanples to whieb these tests refer were held for the pt^odis 
mentioned in an. electrically heated muffle furnace. 

Table CXVIU. 

Oxidation Testa on Steels. 

Samples heated for twenty-four hours iii air. 


Temperature. 

Index Ftguie. 

Ulld Steel-- 
017% Carbon. 

Chromium Steel— 
0*32% Carbon^ 
l.s«i2% Chromium, 
0*20% Nickel. 

liM 

100 ° c. 

nil 

nil 

nil 

200° C. 

008 

0*01 

• nil 

800° C. 

018 

004 

002 

400° C. 

0*45 

0-08 1 

004 

500° C. 

0-62 

009 

004 

600° C. 

4 64 

0-20 

018 

700° C. 

11 92 

0-40 

0-22 

800° C. 

44 92 

0-77 

0*40 

900° C. 

5717 

107 

046 

1000° C. 

185*78 

66*67 

21-82 

1100° C. 

208*00 

165‘27 

72-80 

1200° C. 

899*88 

261*00 

177-66 


Figures giving increase of weight due to heating at 
different temperatures were obtained by Dr. Hatfield* and 
are quoted in Table CXVIII. The “ index figure ” in this 
table represents increase in weight in terms of milligrams per 
square centimetre of surface. 

The formation of these oxide films on high chromium 
steels at comparatively low temperatures is of importance in 
the wire and strip industry because, owing to their content of 
chromium, toe films are not reducible again to metallic form 
by hydrogen or coal gas at temperatures up to at least 
1,000° C. In toe ordinary method of bright annealing, as^ 
applied to carbon steels and to copper and many of its alloys,* 
the wire or strip is placed in closed pots and heated up to the 
tonperature requir^. The small amount of air in the box 
expands on heating and much of it escapes throuj^ a valve 

1«87, I, p. 4S1. 
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in the lid before the wire or strip becomes suffidenEy hot to 
suffear emy peat oxidation. Some of it is also disfdaced by 
grease with whidi the metal may have been coated and vdiich 
is vaporised at low temperatures. The small amount of air 
wfaidh remains in the box when the contents reach a red heat 
only produces a tarnish on the surface of the wire or stxip. 
On withdrawing the box from the furnace, the air remaining 
in it is displaced by coal gas, a stream Of which is passed 
slowly through the box until the latter and its contents are 
cold. The coal gas reduces the oxide on the surface of the 
wire and hence removes completely the tarnish produced 
during heating, a bright surface being thereby obtained on 
the metal. 



TEMPERATURE 

Vxo. 193. Effect of ohiomium content on the rate of ecating of stainleas 
froBS ; gee page t07. 

This method, however, fails completdy with hig^t 
obiomium steels because the tarnish produced in the early 
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stitgta, although it may be considerably thinner than 
termed imder simi^r conditions on ordinaiy abed is not 
reduced by the ^mbsequent treatment vnth coal gas ; henee 
the wire or strip so treated remains tarnished. The only way 
of bri|^t annealing the high chromium steel is to prevent the 
temper colour forming, e.g., by completely replacing the air 
in the box by pure hydrogen before the heating is com- 
menced and maintaining the hydrogen atmosphere during 
the whole time the steel is hot. 

The onset of scaling, which occurs in 12 per cent, 
chromium steel at 800®/850* C., may be delayed until higher 
temperatures are reached by an increase in chromium content. 
Fig. 198 for example, gives the results of tests on a scries of 
stainless irons, the samples (1 inch long and | inch diameter) 
being heated in a gas-fired oven furnace (of such design that 
the samples were surrounded by the products of combustion 
of the gas) for two twenty-four-hour periods at 750° C., 
followed by two similar periods at each of the following 
temperatures : 850°, 950°, 1,000° C. Finally, they were 
exposed for 24 hours at 1,050° C. At the end of each period, 
such loose scale as had been formed was removed from the 
samples before they were weighed, but no attempt was made 
to detach any that adhered tightly. The curves show the 
total losses in weight of each sample at the end of each 
successive period. 


Table CXIX. 

Oxidation Tcbis on Chromium Steels at 950°/l,025° C. 
Period ; 10 days. 


Ck>mpo8ition of Steel. 


Type of Scale. 

Carbon % | 

ChroiQiiim % 

Gain In Weight, 

% 

o-2a 

1 

19-9 

1 

0-815 

Tliin adherent black 
scale. 

0-28 

24-8 

0-08 

Very thin ^enish 
black scale. 

0-24 

281 


1 Very thin adherent 

0-19 

88*4 


j greenish scale. 







408 


STAINLESS IHON AND. STEEL 


Steels containing about 20 per cent, chromium resist 
oxidation very well up to about 1,000® C., although they may 
scale to an appreciable extent after being prolonged 

periods at al^ut this temperature. Still greater resistance 
may be obtained by a further increase in chromium content^ 
as is indicated by the data in Table CXIX, relating to 
samples which were heated in a gas-fired oven furnace at 
950®/1,025® C, for ten days. 

Alloys containing 80 per cent, or so of chromium are 
extremely resistant even at considerably higher tempera- 
tures. Thus a further sample of the alloy containing 88*4 
per cent, chromium (Table CXIX) was heated in a gas-fired 
furnace for 20 days at 1,000® C. ( ±25® C.) and then for 
4 days at 1,100® C. At the end of this treatment, the sample 
was coated with a light greenish skin and had lost only 0*58 
per cent, of its weight. To give some idea of the significance 
of this figure it may be mentioned that a piece of ordinary 
mild steel of similar size, which was placed in the furnace 
beside the high chromium alloy for the first 3 days at 1,000® C* 

{ ±25® C.) only, lost in that period 45 per cent, of its weight 
by oxidation. 

Steel containing 26/80 per cent, chromium and up to 
about 2 per cent, carbon is used extensively for case harden- 
ing boxes or other parts of equipment for heat treatment 
operations and is giving exceedingly useful service at tem- 
peratures up to at least 1,050® C. Its production in the 
form of castings presents no difficulties and it has the merit 
of being relatively cheap compared with some other types, 
of heat resisting alloys. 

Reviewing such data as is available, it would appear that 
straight chromium steels may be usefully employed, so far a.s. 
resistance to oxidation is concerned, at temperatures up to- 
certain maxima which are related to chromium content in the 
manner indicated below : — 

Chromium % Maximum temperature for use!" 

15 800®/850® C. 

20 950®/l,000® C. 

25 1,050®/1,100® C. 

30 1,100® /1,150® C. 

The figures here given refer to continuous or intermittent^ 
exposure over considerable periods of time. 



Meat- resisting steels Kit 

M(Ay <H)mmerctaI heat resikii^ steels are ecm^^ex 
cMitainmg, in ad^tion to chromium, one or moK of the 
f(^o«ing met^ t silicon, . aluminium, nidcel, tungsten, 
coKper, mdybdenum. Most, if not all, of these alloys have been 
evolved emiarically and, ovdng to the meagre amountof data 
available, it is difficult to assess the value of the various added 
metals in promoting resistance to oxidation. The results 
given in Tables CXX — CXXIIf provide some interesting 
comparisons between various steels. The first of tiiese 


Table CXX. 

Oxidation Tests at 75071,050* C. 

The samples were held at each of the temperatures indicated, and 
each “ period ” was of 24 hours duration. 

Figures marked “ + ” represent gain in weight, the others loss in 
weight. Both are expressed in milligrams per square centimetre of 
surface. 


Hark. 

Carbon 

% 

Silicon 

% 

Chromium 

% 

Nickel 

% 

Tunutten 

% 

A 

009 

0*22 

16*1 

0-18 


B 

012 

0*16 

15*9 

10*7 

— 

C 

0*24 

0*86 

16*7 

8*1 

— 

D 

0*24 

0*36 

15*4 

11*5 

3*65 

E 

0*22 

1*95 

16*1 

10*9 

8*8 

F 

0*40 

2*85 

17*3 

26*8 

— 


Lobb, or gain, In weight. 


Mark. 

750 

•c. 

850 

"C. 

050 

“C. 

1 1 , 000 " c. 

1,060" C. 


Ist 

2nd 

iBt 

2nd 

iBt 

2nd 

l8t 

2nd 

Iflt 


Period. 

Period. 

Period. 

Period. 

Period. 

Period. 

Period. 

Period. 

Perlftd. 

A 

+ 0*2 

+02 

0*0 

4*8 

88* 

114 

470 

900 

1220 

B 

+0*6 

1*2 

8*9 

5*8 

92 

207 

465 

670 

940 

C 

+0*1 

1*8 

4*5 

4*7 

20 

124 

470 

720 

1090 

0 

i +0*4 

1*4 

7*9 

9*1 

108 

826 

800 

1225 

1700 

£ 

+ 0-1 

0*1 

0*1 

0*1 

8*8 

78 

52 

182 

586 

F 

+0-25 

+ 0*2 

0*0 

0*25 

0*8 

1*6 

i 

8*0 

5*9 

8-6 


* In tile ezperiinentB to which these tsbles refer, loose scnle wss 
ftmoi^ from the samples before their change in weight was detennined, hut no 
Ikttempt wse made to detach tightly adhemg scale. 
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tables refers to tests carried out in the same maimOT as tfae^ 
plotted in Fig. 198. A comparison, of steds A, B and C 
suggests that the addition of 8 or 10 per cent.* nickel to a steel 
containing 16 per cent, chromium, or thereabouts, has little 
effect on its resistance to oxidation. The chromium content 
of steel D is somewhat lower than of B or C, but, even allow- 
ing for this, it is obvious that the 8 or 4 per cent, tungsten 
which this steel contains has not increased its resistance to 
oxidation. On the other hand, the further addition of 

Table CXXI. 

Oxidation Tests at 950“/l,000®C. 


Mark. 

Carbon 

% 

Silicon 

% 

Chromium 

% 

Nickel 

% 

Tongs ten 

% 

A 

010 

0*36 

15*5 

0*39 


B 

0*12 

0*16 

15*9 

10-7 

— 

c 

012 

0*30 

18*0 

8*2 

• — 

D 

0*29 

0*48 

17*7 

9*73 

1*64 

E 

0*43 

2*59 

16*9 

26*5 

— 

F 

010 

0*37 

24*4 

0*37 

— 

G 

0*22 

0*47 

23*1 

9*0 

— 

II 

0*27 

0*56 ' 

23*1 

9*1 

8*4 

J 

013 

1*03 

25*9 

20*2 

— 

K 

0*24 

0*63 

28*1 

0*26 

— 

L 

0*88 

0*65 

10*7 

63*3 



Mark. 

a Change in weight (gain marked +, other results 

represent loss) In mlUigrams per sq. cm. after 

7 days. 

15 days. 

21 days. 

A 

980 



B 

401 

— 


C 

457 

— 

— 

D 

925 

— 

• — 

£ 

8 

3-2 

18-8 

F 

4-2-2 

4-1-6 

8-0 

G 

1-2 

58-0 

98*5 

H 

1-4 

18-0 

'58-0 

3 

• fO -6 

4-0-25 

0*4 

K 

1-0 

0-6 

2-0 

L 

4-1*5 

-hl-4 

4^1*2 
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$ pel* cent, silicon to the' c^iomium-hickel'-timg^en 
steel hns a very marked beneficial effect in this respect. The 
good results on steel F, containing about the same amount of 
silicon and chromium as £, but a much higher nickel content 
in place of the tungsten, should be noted. 

Tests at 950°/1,000® C. and lasting for three weeks are 
summarised in Table CXXI. This range of temperature is 
above that at whidh steels containing 16 or 18 per cent, 
chromium, with or without 8/10 per cent, nickel, may be 
usefully employed and the samples A, B, C and D, referred 
to in this Table, were only included by way of comparison 
with the more resistant alloys. At the same time, the 
results on B and C suggest that the nickel which they contain 
has retarded somewhat the rate of oxidation in what may be 
termed the free scaling range of temperature although, as 
shown earlier, a similar amount of nickel does not appear to 
raise the temperature at which tliis type of oxidation com- 
mences nor to have any beneficial effect at such temperatures 
at which the chromium steel is resistant to scaling. The 
absence of effect under the latter conditions is also shown by 
comparing steels F and G which contain sufficient chromium 
to be reasonably resistant under the testing conditions 
selected for this experiment. On the other hand, a distinct 
improvement is noticeable when 20 per cent., or more, 
nickel is present ; see steel J, and compare also E with 
A — D. In passing, note that whereas steel D gives poor 
results, the tungsten content of H appears to show to better 
advantage than in the steels previously examined which 
contained this metal. The two remaining alloys, K and L, 
exhibit extremely good resistance to oxidation under the 
conditions described. 

The effect of long continued exposure at 1,000^/1,100® C. 
on three alloys is given in Table CXXII. This range of 
temperature is about the highest at which steel B may be 
effect! vely • used, but the high chromium iron A behaves 
excellently, quite as well in fact as the alloy of the “nichrome** 
type. 

The data given in the last three Tables suggest that the 
question of composition in relation to resistance to oxidation 
is not simple. The matter, however, becomes still more 
cqmpHc^ted if the effects of varying atmosphere be taken 
nto account. The results given in the preceding pages were 
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Table CXXII. 

Oxidation Tests at 


Hark. 

Carbon 

% 

Silicon 

% 

Chromium 

% 

Nicker 

% 

A 

0-24 

0*68 

281 

0-26 


0-34 

2-85 

lV'7 

25*8 

C 

()-41 

0-50 

IM 

64>d 


Change in weight (gain marked +, other reBulte represent loss) % Loss 
In milligrams X)er sq. cm. after In weight. 


Muk. 

1 week. 

1 2 weeks. 

5 weeks. 

li weeks. 

14 weeks, 
scale 
removed. 

14 weeks 
Boale 
removed. 

A 

4*3 

2 0 

81 

10*9 

20*6 

0*72 

B 

8-4 

15*2 

69*5 

88*5 

97*0 

3*4 

C 

+ 0*8 

1*7 

5*8 

10*8 

12*9 

0*45 


obtained by exposing the samples in a gas-fired furnace of 
the muffle type but fitted with an open tray instead of a 
closed muffle. The samples were therefore continuously 
exposed to the action of the products of combustion of the 
gas used (that distributed by the Sheffield Gas Co.) together 
with such air as was in excess of that required to burn the 
gas completely. Obviously, the oxidising effect of such a 
furnace atmosphere will vary with the purity of the gas. 
used and with the amount of excess air. It is common 
knowledge that nickel alloys suffer much more oxidation 
when exposed to the products of combustion of a fuel of high 
siilphur content than when the latter element is present only 
in small quantity. As shown some years ago by Kayser**^ 
the bad effect of sulphur is due to the formation of an easily 
fusible eutectic of nickel and its sulphide. 

A study of the relative effect of various atmospheres 
on the rate of oxidation of mild steel and a chromium-nickel 
steel was made by Dr. Hatfield,t whose results are given in 

* Heftt and Acid Besisting Alloys (Ni-Cr-Fe). J. F. Kayser, Trans. Faradap 
8oc., XIX (1923), p. 1S4. ' 

t Xoc. ctf. 
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TaUe CXXin. Each test lasted 24 hours and the ** index 
figure*^ represents the* increase in wei|^t of a satnjde ex- 
pressed in milli^ms per square centimetre of surface. 


Table CXXIII. 

Effect of “ Atmosphere " on Rate of Oxidation, at 900® C. 


Mark. 

Carbon 

SiUcon 

1 Mau^eae 

Chromium 

Klclml 


> 

% 

0/ 

/o 

% 

A 

0-17 

018 

1 

i 0-67 i 


0*25 

B 

0*12 

0*31 

' 0-28 


1 806 

1 



Index Fliture. 

Condition of Atmosphere. 

Steel A, 

Steel B. 

Pure Air 

55-24 

0-40 

Atmosphere ! 

57-17 

0-46 

Pure Air + 2 % SO 3 

65-17 

0-86 

Atmosphere + 2 % SOa 

65-76 

1-18 

Atmosphere + 5% SOa + 5% HaO 

152-42 

3-58 

Atmosphere +5% COg +5% HjO 

100-44 

4-58 

Pure Air + 5 % CO* 

76-88 ; 

1-18 

Pure Air + 6% HjO 

74-21 

1 

3-24 


These results indicate that furnace atmospheres con- 
taining considerable quantities of water vapour and either 
carbon dioxide or sulphur dioxide, are likely to cause a much 
greater amount of oxidation than air at similar temperatures. 
In an endeavour to assess the probable effects of such metals 
as are often found in heat resisting alloys, on the rate of 
oxidation of the latter by various gases, Dr. Hatfield also 
heated comparatively pure samples of half a dozen of these 
metals in different gases at various temperatures between 
700® and 1,000® C. His results are summarised in Table 
CXXIV ; as before, each test lasted 24 hours and the “index 
figure has the same significance as in Table CXXIIL 
These results are worthy of study. Broadly speakings 
it, is evident that the order of resistance to attack by either 
oxygen, steam or carbon dioxide is the same, namely, 
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Table CXXIV. 

Effect of Various Gases on Raies of Oxidation ,of Pure Metals, 


Gas. j 

Metal. 

Index Figure. 

700** C. 

800® C. 

000® c. 

1,000® c. 

Oxygen 

Iron 

5M2 

5^-54 

124-27 

141-60 

' 

Chromium... 

0-47 

0-97 

2-24 

6-31 

j 

Nickel 

0-96 

1-15 

2-82 

9-69 

i 

Cobalt 

8-72 

4-89 

9818 

119-47 

1 

Copper 

11-97 

19-08 

43-95 

— 

! 

> 

Tungsten ... 

46*16 

275-41 

876-22* 


Steam 

Iron 

62-24 

84-71 

57-53 

178-89 


Chromium... 

0-05 

0-37 

1-17 

2-n 


Nickel 

0-34 

0-42 

1*88 

4*39 


Cobalt 

0-81 

0-82 

25-90 

78*55 


Co})per 

3-25 

12-73 

15-30 

— 


Tungsten ... 

2-08 

17-70 

179*21 

— 

Carbon Dioxide ... 

Iron 

58-74 

72-25 

113-27 

175* 


Chromium... 

0-27 

0-84 

1-33 

8-08 


Nickel 

()S9 

0-87 

8-56 

4-56 


Cobalt 

i 2-68 

5-39 

44-33 

15-05 


Copper 

i 6-55 

9-89 

12-56 

— 


Tungsten ... 

13-02 

20-32 

13-90t 

— 

Sulphur Dioxide... 

Iron 

35-42 

79-10 

Completely 

converted 


Chromium... 

0-16 

0-39 

3-25 

3-57 


Nickel 

92-28 

366-731 

83-73 § 

* 2-6011 


Cobalt 

59-77 

102-79 

168-80 

289*82 


Copper 

' 0-18 

0-13 

0-20 

— 


Tungsten ... 

; 47-05 

i 

72-78 

29-00^ 



chromium, nickel, cobalt, copper, iron, tungsten. The eB,se 
of oxidation of tungsten, particularly in oxygen and $team, 
‘should be specially noted ; also the marked acceleration in 
the rate of oxidation of cobalt as the temperature rises from 
to 900'* C, 

The effects of sulphur dioxide differ notably from those 

* Completely converted into WO,, 
t Oxido formed, but some volatilisation occurred, 
t 3ca]c disintegrated. ^ 

{ Scale finaly adheient. 
ji Scale veiy firmly adbcient. 

^ ParUal loss due to volatilieaUon. 
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of the pthejr gases* Copper is. here the most resistant-^*^ , 
least up to 000^ C,— though chromium runs it dosely. 
On the other haild» nickel and cobalt are badly attacked ; the 
results at different temperatures with the former metal show 
anomalies which appeared to be connected with the character 
of the scale formed. 

Having thus indicated the response of the individual 
metals, Dr. Hatfield* tested in a similar fashion a number of 
steels and other alloys. His results on such of these as may 
be included in the category of stainless steels are given in 
Table CXXV, and a study of these indicates that the several 
steels are placed in much the same order of merit by oxygen 
steam or carbon dioxide. The result of an increase in 
chromium content from 14 to 18 per cent, may be seen by 
comparing steels B and C ; A indicates the protective effect 
of silicon, particularly at 900^^/1,000^ C., on a steel con- 
taining only about 9 per cent, chromium. The raising of 
the temperature at which marked oxidation occurs by an 
increase in chromium content, even in the presence of 8/10 
per cent, nickel, is also evident from a comparison of steels 
D and E ; at the same time, the greatly increased resistance 
due to a much higher nickel content than this, oven when 
combined with only 10/11 per cent, chromium, may be seen 
from alloys F and J. The two more complex alloys G and H 
are somewhat less easy to deal with ; the value of a high 
silicon content is evident however, from a comparison of 
G and E and one may at least surmise, in view of the results 
previously quoted, that the very satisfactory figures given 
by H are due to the silicon rather than to the tungsten it 
contains. 

The results of the tests in sulphur dioxide, Table CXXV, 
present some anomalies not easy to explain. A comparison 
of steels C and E indicates that nickel is not useful, where 
this gas is concerned, at any temperature in the range 
700®/!, 000° C. A difference of the same order is observable 
between B and D at 700° C., but at 900° and 1,000° C. the 
nickel-bearing steel is much superior to the other ; the 
rather higher chromium content of D should however be 
kept in mind in this connection. The large amount of 
nickel in F appears^ rather surprisingly, to have occasioned 
np bad effect at temperatures up to 900° C., although J, stiB 
richer in this metal, was distinctly attacked at 800° C. 
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Tabu: CXXV. 

Effects of Various Gases on the Rate of Oxidation of Steeh, 


Itorte. 

CftrlKm 

% 

Silicon 

% 


Chromium 

% 

Nictel 

% 

A. 

0*60 

304 

d-37 

8-28 

0-16 

B. 

0-32 

1-32 

0-26 

13-12 

0-29 

a 

(M>0 

0-37 

0-39 

18-53 

0*26 

B. 

on 

0-21 

0-34 

14-84 

1016 

£. 

012 

0*31 

0-28 

17-74 

8-06 

F. 

0-35 

0-21 

1-36 

10-90 

35-15 

G. 

0-58 

4-00 

0-36 

16-64 

8-14 

H. 

0’30 

1-46 

0-62 

17-74 

7-0 

J. 

006 

0-71 

0-89 

11-69 

60*40 

K. 

017 

0-18 

0-67 


0-25 


1 

Ou. 

Hark. 

Index F'lffure. 

700° C. 

800° C. 

900° C. 

1,000° C. 

Oxygen 

A. 

0-26 

1*67 

2-07 

2-94 

B. 

0-22 

1-90 

2-79 

91-30 


C. 

0*60 

0-74 

1*90 

2-89 


D. 

0-64 

1-14 

4-08 

43-58 


E. 

1-08 

1-06 

2-71 

6-66 


F. 

1*74 

7-29 

11-67 

19-31 


G. 

0-17 

0-34 

1-26 

1-81 


H. 

0-03 

0*05 

0-20 

3-49 


J. 

0-24 

0-49 

0-76 

1-78 


K. 

10-42 

29-76 

83-41 

170-86 

Steam 

A. 

0-34 

0-64 

0-96 

1-36 


B. 

0-62 

0-67 

14-91 

39-84 


C. 

0-24 

0-58 

2-03 

3-26 


1). 

0-47 

1-88 

19-94 

43-44 


E. 

0-24 

0-60 

6-14 

17-46 


F. 

1-31 

2-04 

6-15 

16-03 


G. 

0-10 

0-27 

0-93 

1-50 


H, 

0-10 

0-31 

0-37 

2-77 


J. 

0-23 

0-30 

1-41 

1-43 


K. 

3-66 

21-97 

74-93 

231-05 

Carbon dioxide 

A. 

0*25 

0-21 1 

0-43 

0-84 


i 

0-81 

0-87 

16-05 

62-28 


1 

0-24 

0-76 

2*89 

2-95 


I). 

1-43 

2-09 

12*41 

37-01 


E. 

0-39 

1-08 

3-25 

5-85 ' 


F. 

1-06 

2-21 • 

7-33 

11-65 


G. 

0-12 

0-22 

0-65 

0-68 


H. 

0-16 

0-16 

0-32 ! 

0-92 

. 

J. 

0-41 

0-44 

0-65 

1-13 


K. 

10-03 

36-74 

74-92 

93-46 

Sulphur dioxide 

A. 

0-62 

1-28 

4*66 

3-24 

B. 

0-40 

1-04 

9-93 

58-62 


a 

0-45 

0-56 

0-82 

1-43 


B. 

1-06 

1-16 

1-72 

” 3-75 


E. 

1-43 

1-66 

1-83 

2-63 


F. 

0-29 

0-41 

0-42 

7-94 


G. 

0-38 

0-60 

1-16 

2-41 


H. 

0-20 

0-40 

0-54 

0-83 


J. 

0-33 

5-04 

55-62 

91-10 


K. 

9-86 

41-64 

177-01 

Converted 
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In th^ author’s experience, at temperatures up to 
700® C,, a stainless iron containing 16*1 per cent, 
chromium (and ‘0 '17 per cent, nickd) was distinctly better in 
its •resistance to gas containing 7 per cent, sulphur dioxide 
than an austenitic steel containing 15*4 per cent, chromium 
and 10*8 per cent, nickel, the losses in weight after removing 
scale being respectively 0*018 and 0*08 grams per square 
metre per hour at S’bo® C. and 0*64 and 2*95 grams per square 
metre per hour at 700® C. 

Apart from chemical processes, however, the engineer 
has rarely to deal with hot gases containing as much as 7 per 
cent, sulphur dioxide ; but he is frequently concerned with 
plant which is subjected to the hot products of combustion 
of impure fuels. These are likely to contain much less than 
7 per cent, sulphur dioxide but, nevertheless, they may exert 
a very noticeable action on nickel-bearing steels. For ex- 
ample, a series of test samples of various heat resisting steels 
were placed in the flue of a large reheating furnace, fired with 
small coal, for a period of 16 working days. The tempera- 
ture of the flue varied considerably during the test (it was 
generally 700®/800® C. but occasionally rose much higher, the 
maximum recorded being 1,100® C.), but as all the samples 
were exposed together under identical conditions, their be- 
haviour is strictly comparable. At the conclusion of the 


Table CXXVI. 

Oxidation Tests in Flue of Coal-fired Furnace^ 
(Period : 16 days. Temperature : 600°/l,100®C.) 


Lorn in weight 

Composition of Steel. (milligrams per s(i> cm.). 


Carbon 

% 

Silicon 

% 

Chromium 

% 

Nickel 

% 

Tungsten 

% 

Copjper 

% 

Loose scale 
removed. 

All scale 
removed. 

0*16 

0*38* 

17*2 1 

10*6 




i 

1 

485 

583 

0-10 

0-36 

17-8 1 

10*1 

— 

2*20 : 

475 

568 

0-24 

0*36 

15*4 

1 11*5 

3*65 

““ i 

500 

705 

0 22 

1*95 

16*1 

10*9 

3*8 

— I 

421 

548 

0*46 

1*72 

' 12*7 

13*0 

3*2 

— ; 

610 

897 

0*40 

2*35 

17*8 

26*8 

— 

! 

483 

556 

010 

0*87 

24*4 

0*87 

i 

— 

+ 81* 

105 


* This sample had gained in veight at this stage. 


xm 
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test, loosely adherent scale was removed from the samples 
and their loss in weight determined; afterwards, the re- 
maining, tightly adhering scale was detached by bending the 
samples slightly and then pickling them in 5 per cent, nijric 
acid, and the total loss in weight then determined. The 
results, set out in Table CXXVI, suggest that none of the 
steels containing up to about 18 per cent, chromium, together 
with 10 per cent, or more nickel, arc particularly resistant 
under these admittedly rather severe conditions. Quite 
obviously, tungsten has no beneficial influence and the value 
of a high silicon content is less marked than in the previously 
recorded tests. The high chromium iron was much more 
resistant than the others ; it may be noted that this sample 
pickled rather badly ; hot acid was necessary to detach the 
scale and some metal was undoubtedly removed as well. 

No determination was actually made of the sulphur 
content of the flue gas during the course of this experiment ; 
probably the figure was at least 0*05 per cent, by volume, 
and may have been distinctly higher than this, but the 
conditions may at least be taken as typical of those pro- 
duced by the combustion of ordinary commercial fuel. More 
precise determinations, from this point of view, were made 
by Dr. Hatfield. A scries of steels were exposed at 900 C. 
to a “ complex gas ” having the composition given in column 
B below ; this composition was selected empirically after 
examining the analyses of a number of flue gases. For 
comparison, a similar set of test pieces was exposed at the 
same temperature in an open muffle furnace fired by Sheffield 
gas (the conditions being similar to those in the author’s 
experiments, see Fig. 193 and Tables CXX — CXXII) ; an 
analysis of gas extracted from this muffle during the course 


of the test is given in colunm 

A below. 


A ■ 

B 

Nitrogen ... 

67-7% 

72-95% 

Oxygen 

1-84% 

5-0% 

Carbon dioxide 

4-75% 

12-0% 

Steam 

21-10''; 

10-0% 

Sulphur dioxide ... 

0-008% 

0-05% 

Carbon monoxide 

5-10% 

— 


The results of the test are set out in Table CXXVII ; each 
test lasted 24 hours and the “ index figure ” has the same 
significance as before, namely, increase in weight expressed 
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in milligram per square centimetre. It will be noted that 
in almost every case a greater amount of oxidation is pro* 
duced by the “ complex ” gas than in the ordinary muffle 
atiposphere.* The value of silicon in diminishing oxidation 
under the conditions of the experiments is strikingly evident, 
the results on steel B being especially worthy of attention. 
Even a smaller amount than the 8 per cent, present in this 
steel suffices to givrf very good protection to a steel containing 

Table CXXVII. 


Effect of Industrial Gases at 900® C. 




Composition of Steel. 


Index Flisure. 

Mark. 

Carbon 

% 

Silicon 

% 

Chromium 1 

Oi 

/o 

Nickel 

i 

Tunesten 

% 

MiilHe 

Atmosphere 

“ Complex 
Gas ’* 

A 

i 

1 017 

0*18 


i 

0-25 


73*10 

80*23 

B 

0*50 

3 04 

8-28 

0*16 

— 

0*51 

0*84 

c 

()-32 

1-32 

1312 

0*29 

— 

20*50 

18*32 

D 

0 00 

0-37 

18-53 

0*26 

— 

1*38 

1*25 

E 

oil 

0*21 

14-84 

10*16 

— 

3*84 

6-00 

F 

012 

0*31 

17*74 1 

8*06 

— 

0*33 

2*70 

G 

0-35 

0*21 1 

10*90 

35*15 

— ; 

1*01 

2*53 

H 

0-24 

0*16 

0*09 

1 36*90 


27*7 

80*06 

.1 

0-58 

4*00 

15*54 ! 

8*14 

— 

0*06 

0*69 

K 

0-30 1 

1*46 

17*74 ! 

' 7*0 

4*28 

0*18 

0*43 

L 

006 

0*71 

11*69 1 

! 

60*40 

— 

0*77 

1 

1*40 


only 6 or 8 per cent, chromium at temperatures up to about 
800® C. For example, the results in Table CXXVIII indicate 
that a steel having this composition has adequate resistance 
at 700®/750® C., being nearly as good as 12/14 per cent, 
chromium steel under these conditions. Mathewsf also 
refers to the beneficial effect of silicon on chromium-nickel 
steel of the “ 18/8 ” class. He mentions three such steels 
containing 0*4, 1-10 and 2*14 per cent, silicon, but otherwise 
similar in analysis, which were exposed for 36 hours at 
980® C. ; after all scale had been removed from the samples, 
their losses in weight were in the ratio 22 : 12 : 1. 

* It would aj 80 appear that the “ complex gas at 900® C. reprosente less severe 
oonditions than obtained in the author's tests in the flue of a coal-flrcd furnace 
(Table CXXVl) ; possibly, in the latter test, erosion by dust in the flue gases had 
1 ^ appreciable influence on the results. 

t Ind. ds Eng, Chem,, Dec., 1929. 




HEAT- RESISTING STEELS 


421 


temperature acquires a’ protective skin, which afterwards 
retards oxidation considerably, its increase in weight per unit 
area and unit £inte is likely to be greater during these first 
few hours than afterwards. For this reason, two alloys 
which gave similar results in a short time laboratory test 
(e.g., of 24 hours’ duration) might exhibit notable differences 
when exposed for long periods in practice if the oxidised skin 
formed on one had* a distinctly greater protective value than 
that of the other. Obviously, however, the protective value 
of such a skin may be noticeably affected if the surface on 
which it is formed suffers abrasion under service conditions ; 
it may also be reduced if the steel is frequently cooled and 
then reheated instead of being exposed continuously at some 
given temperature. The difference in coefficient of expan- 
sion of steel and its oxide will tend to cause the latter to flake 
off during cooling and hence necessitate a new skin being 
formed on reheating. The tendency for flaking to occur 
varies to some extent among different steels, depending partly 
on their coefficient of expansion. 

These considerations do not by any means suggest that 
laboratory tests are of little value in comparing heat resisting 
steels ; they indicate that, as in other forms of corrosion 
tests, it is difficult to reproduce service conditions in a 
laboratory. Materials may be sorted with considerable 
accuracy into their probable order of merit under works 
conditions ; there can be no doubt for example that of the test 
specimens shown in Fig. 195, samples A, B and C are likely 
to give much better service, than the other two, under 
practical conditions involving exposure to oxidising gases at 
about 1,000® C., but it is less easy to give an estimate of the 
probable service life of the three selected steels. 

Summarising, it may be concluded that : — 

(1) Chromium is the chief agent in promoting resist- 
ance to oxidation ; the amount of this metal required, in 
iron-chromium alloys to give protection at various tem- 
peratures is indicated approximately in the Table on 
page 408. The respective values are not affected appreciably 
by the presence of 8 or 10 per cent, nickel in the steel. 

(2) A high nickel content, e.g., 20 per cent, or more, 
. increases the protection afforded by a given amount of 

chromium to oxidation by air, oxygen, steam or carbon 
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dioxide. A high nickel content^ however, is not useful 
if resistance is desired at high temperatures to gases con- 
taining sulphur dioxide or other sulphur compounds. 

(3) Small additions of silicon or aluminium, e.g., 1 
or 2 per cent,, increase very markedly the resistance of 
high chromium steels to oxidation. 

(4) The presence of 8 or 4 per cent, tungsten in 
chromium or chromium-nickel steels does not appear to 
increase their resistance to oxidation. 

Freedom from oxidation is not the only requisite of a 
heat-resisting steel. Account must also be taken of possible 
changes in its structure, due either to prolonged heating at 
high temperatures or to repeated heating and cooling, and the 
effects these may produce on the physical properties of the 
steel while it is hot or after it has cooled down again to 
atmospheric temperature. 

The plain chromium steels liave a greater or less tendency, 
depending on their carbon and chromium contents, to harden 
on air cooling from high temperatures. If an article of heat 
resisting steel is required to be repeatedly heated and cooled, 
it is not advisable that it should harden during these coolings 
because, if so hardened, it is much more likely to crack on 
being again reheated. Consequently, when sucli service 
conditions are involved, it is not advisable to use steels, 
which have any marked tendency to airharden, at tempera- 
tures above their Ac.l points, unless the rates of cooling 
which will occur in practice are definitely slow enough to 
prevent any noticeable hardening effect. The contraction 
which takes place in steels on passing through the Ac.l 
change should also be kept in mind ; articles of complex 
shape are liable to suffer distortion if they are unevenly 
heated through this change. 

Apart from changes of phase such as occur at Ac.l and 
Ar.l, the chief structural alteration produced in all metals 
due to prolonged heating at high temperatures’ is grain 
growth ; it may be well to consider this briefly. Stainless 
irons and steels of the 12/14 per cent, chromium type consist, 
at temperatures below about 800° C., of ferrite grains through 
which particles of carbide are embedded more or less evenly. 
Grain growth in the ferrite may take place to some extent 
above about 600° C., but it is likely to be very slow, due to 
the obstructing effect of the particles of carbide. These 
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carbide ^.particles functibn in much the same way as the 
particles of tjboria whicli are purposely added to tungsten 
which is to bi iliadc into electric lamp filaments. If the 
latter are made from p\ire tungsten, they may suffer rapid 
grain growth when in use and, as a result, become brittle 
and break easily. If however, about 0*25 per cent, of thoria 
(an infusible powder) is added to the tungsten, the particles 
of the former become evenly distributed through the grains 
of the latter, in which they are insoluble, and prevent them 
growing when the filament is hot. The result is a greatly 
enhanced filament life. 

On prolonged heating at temperatures below Ac.l, the 
carbide particles in the 12/14 per cent, chromium steels 
gradually coalesce, forming fewer but larger particles. This 
coalescence occurs fairly rapidly above about 700° C., but 
at much slower rates at lower temperatures ; it may occur 
below 550° C., but a very long period would be required to 
produce* any appreciable amount. The main effect of this 
“ balling up ” of the carbide is a reduction, to some extent, 
of the strength and hardness of the steel ; this will be referred 
to later. 

800° C. is about the maximum temperature at which the 
12/14 f)er cent, chromium steels resist scaling when in contact 
with oxidising gases ; hence possible structural changes 
which may occur in them, owing to long continued exposure 
at higher temperatures, are not important from the point of 
view of their use as heat-resisting steels. It may be men- 
tioned, however, that the Ac.l change occurs at about this 
temperature and that the austenite which is then formed 
hinders further grain growth in the ferrite. 

The higher chromium steels are much more subject to 
grain growth, particularly if their carbon content be low. 
In irons containing 20 per cent, chromium, for example, the 
carbide generally exists as large particles, fewer in number 
than in the 12/14 per cent, chromium irons of similar carbon 
content. As a result, these particles have less obstructive 
action on the gi*ain growth of the ferrite at temperatures 
above about 700° C. The tendency for grain growth to 
occur increases with temperature and as the 20 per cent, 
chromium iron may be used up to 950°/l,000°C., and, more- 
,over, as the formation of austenite, due to the Ac.l change, 
does not take place in this iron below about 900° C., the 
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opportunities for grain growth to occur during use ^r^ much 
greater than in the lower chromium irons.,/* ‘ The high 
chromium material is likely to become exceedingly coarse 
grained on prolonged exposure at temperatures above 
700®/800®C. For example, Fig. 196 shows the fracture of 
the bar of 24 per cent, chromium steel used for the tests 
reported in Table CXXVI, after exposure for 16 days in the 
flue of a reheating furnace. The main part of the fracture 
consists of four large grains. Similarly, Fig. 197 represents 
the structure of a pyrometer tube of steel containing 0*1 per 
cent, carbon and 20 per cent, chromium aft(T 19 months’ use 
in a reheating furnace at 850'"/950'^ C. and indicates not only 
the large size of the fen*ite grains but also the very marked 
coalescence of the carbide particles which has been produced. 
A grain growth such as is represented in these two photo- 
graphs reduces still further the low toughness value which 
these high chromium steels normally possess. 

Grain growth also occurs in the austenitic steels, but 
only to a notable extent at temperatures well above 1,000'" C. 
Moreover, as these steels retain their toughness and ductility 
even when possessing very coarse structures, grain growth 
does not usually lead to trouble when the steels are used for 
heat resisting purposes. Precipitation of carbide, owing to 
prolonged heating at temperatures below about OOO'’ C. may, 
however, lead to considerable loss of ductility and toughness, 
both while the steel is heated and also after cooling down to 
atmospheric temperature. Instances of the latter have 
already been given (sec page 169) and reference to the changes 
in the properties of the heated material will be made later 
in this chapter. 

Turning now to the question of the strength of metals at 
high temperatures, it may be said at once that however 
complex may be the subject of their resistance to oxidation 
by varioxis hot gases, that of their permanence of dimensions 
under stress while heated is still more complicated. The 
strength of metals while hot has become of paramount 
importance on account of modern tendencies to use higher 
and higher temperatures and greater and still greater 
pressures, both in steam plant and in many chemical pro- 
cesses. The designer of equipment must have data as to 
the strength of the metals he proposes to use under the 
temperature conditions for which his equipment is designed. 
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In the of plant operating at athiospheric temperature — 
or not gre&tiy ^fibove, it— -he has been aecustomed for years 
to use the tensil<^ stirength of a metal as a basis for his calcula- 
tions, and the experience of many engineers during the 
greater part of a century has indicated what fraction of this 
tensile strength he may regard as a safe working load. Hence, 
when the properties of metals at temperatures considerably 
above atmospheric lirst attracted attention, values for tensile 
strength at specified temperatures were determined in order 
to provide the required data. 

The actual determination of the “ tensile strength ” of 
a metal at temperatures above atmospheric does not present 
any great difficulties. A test piece is placed in the jaws of 
a testing machine and is heated there in a suitably designed 
furnace to the required temperature. After holding at that 
temperature for a sufficiently h»ng time to ensure uniformity, 
it is pulled while still hot and without removing from the 
furnace, the actual testing operation differing little from that 
on pieces tested under ordinary conditions. Numerous 
investigations into the properties of metals at high tempera- 
tures have been carried out in this way by different investiga- 
tors. The values obtained may or may not be useful, but 
if obtained at temperatures above 300"/350‘^ C., they certainly 
do not give the engineer data which he can use for designing 
purposes. 

Unlike the values obtained from tests at atmospheric 
temperatures, those given by high temperature tests are 
influenced to a very great extent by the actual speed at 
which the test piece is pulled. That this was the case had 
been known for some time,* but it was scarcely realised to 
what extent heated steel behaved like a viscous fluid until 
Dickenson published the account of his remarkable investiga- 
tions on the flow of steels at a red heat.f Dickenson showed 
that at temperatures of 500® C. and upwards (and later 
investigations indicate that the minimum may certainly be 
reduced to 400° C. and probably still lower), ordinary carbon 
steels and alloy steels of various types would stretch plastic- 
ally and finally break under loads which were very considerably 

♦ See, for example, “ Tenacity, defoimation and fracture of Boft steel at 
high temperaturea,’* Rosenhain and Humfrey, JJ.S.I., 1913, I, p. 219, and 
the discussion thereon by Dr. F. Kogem. 

* t ** Some experiments on the flow of steels at a rod heat, with a note on the 
scaling of heated steels.** J. H. S. Dickenson, J.LS.I., 1922, 11, p. 103. 
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less than the figures for maximum stress obt|a^d from 
carefully conducted tensile tests at th^ sa.rpir"teniperat^^ 
The gradual flow of heated metals un(ilfer ^stress has been 
designated “ creep ” and since 1922 this subject has assumed 
a very prominent place in metallurgical and engineering 
literature and has led to a considerable amount of experi- 
mental work. As a result, ideas as to the behaviour of 



Fia. 198. Values lor “ limiting creep stress ” of mild steel, O'2/O 24 
per cent, carbon. 


Curve A. Tapsell and Clenshaw. 

„ B. Cournot and Sasawaga. 

,, 0. Pomp and Dahmen. 

„ I). French, Cross and Peterson. 

,, E, Norton. 


metals under stress at eleyated temperatures are being 
clariiied, though much still remaiiu obscure. 
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If the results obtained by various workers are critically 
reviewed, however, their most notable feature is likely to be 
their variableness. For example, all the curves in Fig. 198 
relate to mild steel, containing 0*2/0-24 per cent, carbon, and 
they represent the values given by different investigators 
for the stresses with which this material may safely be loaded 
for long periods at^the temperatures indicated. Tlie very 
great differences exhibited between these curves may well 
alarm the designer of high temperature equipment and 
raise doubts in his mind as to the value of the results placed 
at his disposal. 

Actually this variableness is not really surprising. The 
determination of a limiting creep stress ” (if such a thing 
really exists at temperatures of 400° C. and upwards) depends 
ultimately on the sensitiveness and accuracy of the means 
available for measuring the constancy in length of a given 
sample while it is heated to these temperatures. If a number 
of test pieces of a given steel are loaded to different amounts 
at some given temperature, and the relation between exten- 
sion and time determined in each case over a considerable 
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Fio. 199. Relation between elongation and time ; metal strain hardens. 

period, the curves representing this relation will be of one of 
two classes, depending on whether the temperature in question 
is above or below that at which the steel ceases to exhibit 
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strain hardening effects. Consider for a moment a te 3 t piece 
at a temperature at which the steel is stjll capable of harden- 
ing distinctly when strained and suppose it to be loaded with 
a stress sufficiently high to cause immediate plastic flow. 
The relationship between extension and time for such a test 
piece will be as indicated in the uppermost curve in Fig. 199. 
The load being applied, the test piece immediately extends, 
as shown in the diagram, and as a result, hardens. Due to 
this, the rate of extension diminishes and, after an interval, 
assumes an apparently constant value. If the test is re- 
peated with gradually decreasing loads, both the amount of 
initial extension and the subsequent steady rate of flow are 
reduced and ultimately the latter is assumed to become zero 
at some given load which has been named the “ limiting 
creep stress.” A set of curves produced in this way is 
typified in Fig. 199. 

On the other hand, if the testing temperature be raised 
to a value at which strain hardening effects cease to be pro- 
duced in the steel,* conditions are rather different. In this 
case it is difficult to see how a rate of creep once set up in the 
material can ever become zero though, owing to viscosity, 
it may possess an exceedingly small value. On this basis, 
therefore, relation between extension and time for various 
loads at these temperatures should be as indicated in 
Fig, 200. 

Two interesting and fundamental problems arise. Do 
the curves typified in Fig, 199 become truly horizontal when 
the stress is reduced to some definite value — i.e., does a 
“ limiting creep stress ” really exist — and at what tempera- 
ture does strain hardening disappear in different metals ? It 
is apparent that a metal whose behaviour at some given 
temperature is typified by the curves in Fig. 199 is likely 
to be more useful than one possessing time-extension curves 
similar to those in Fig. 200. Hence the higher the tempera- 
ture at which a metal can be strain hardened, other things 
being equal, the more useful it is likely to be to the engineer. 

* It may be Buggested that thiB description is not strictly true in that woi;k 
at any tomperatuie will presumably distort the grains of a solid metal and hence 
harden tlicm. At temperatures alrave a certain minimum, however, reorystallisa- 
tion occurs veiy quickly, removing the induced hardness. The speed of re- 
orystalliaation c(ecreases os the temj)eraiure is lowered and eventually becomes 
Blower than that at which the hardness is increasing under the given conditions of 
strain. When this occurs, the metal exhibits hardening effects. It is likely that 
the actual temperature at which this Occurs will vary, for any particular metdl, 
with the rate at which it is being strained. 
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The first problem can* only be solved within the limits of 
acciiracy with which constancy of length can be determined.* 
It is not solely a question of extreme accuracy of measure- 
ment, however — it is not impossible to determine a move- 
ment of less than one part in a million on a test piece two 
inches long — ^the temperature of the test piece must be con- 
trolled within very elose limits or these refinements in measure- 
ment are of no value. A rise in temperature of 1° C. will 



TIME 

Fig. 200. Ktjiation lietween eJongation and time ; metal does not strain 
harden. 


cause a test piece to elongate 14 or 15 parts per million, so that 
unless temperature can be controlled to considerably less 
than one degree, refinements in measurement below about 
one part in ten thousand are quite useless. It follows, there- 
fore, that determinations of rates of flow of the order of one 
part in a million per hour can only be made in such cases by 
observing the behaviour of the test piece over a considerable 
time. For example, if an accuracy of measurement (in- 
cluding the necessary degree of temperature control) of one 
in ten thousand is obtainable, a duration of test of at least 
a hundred hours is necessary to determine whether a move- 
ment in excess of one part per million per hour is taking place. 

It is probable that in few published creep stress values 

* * This subject has been discussed in i^me detail by Dr. Hatfield ; see ** The 
Metallargist (Supplement to “Engineer”), 1929, pp. 108 and 117. 
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has the rate of extension of the ‘various test pieces been 
determined to a smaller value than one millionth of an inch 
per inch per hour and many determinations do not reach this 
degree of accuracy. It may not be amiss therefore to 
mention that, at this rate of creep, a bar 12 inches long would 
extend 0*105 inch in a year. Whether such an extension 
would be serious or not from a practical standpoint would 
depend on the particular purpose for which the steel was 
used. Baumann* has recently discussed this subject in 
relation to the design of equipment for use with high tem- 
perature steam and has suggested the following maximum 
permissible values of the rates of creep for the parts 
indicated : — 

(1) turbine disc pressed on shaft 1 in 10® per hour. 

(1) bolted flanges, turbine cylinders 1 „ 10® „ 

(3) steam piping, welded joints, boiler tubes 1 „ 10^ „ 

(4) superheater tubes ... 1 „ 10® „ 

In the last case, the value might be increased to 1 in 10® per 
hour if the tubes were easily replaceable. As a test piece 
2 inches long elongating at the rate of 1 in 10® per hour would 
lengthen in a year only by 0*000175 inch, the difficulties of 
determining such rates of creep will be apparent. 

The question as to whether a “ limiting creep stress ” in 
the true sense of the term really exists at high temperatures 
is one to which an answer is not yet forthcoming. It may be 
pointed out, however, that if available data on the relationship 
between creep rate and stress be plotted logarithmically, a 
practically straight line is produced with no suggestion of 
a creep limit. This was shown by R: W. Baileyf to apply 
to the results obtained on Armco iron at the National Physical 
Laboratory and, more recently, by NortonJ on an extensive 
range of steels. In Fig 201 for example, are plotted the 
data on Armco iron extracted by Bailey from the N.P.L. 
curves and they afford little evidence that, at any of the 
temperatures imder test, the rate of creep becomes zero at 
some given stress. On the other hand, they do suggest that 

• “ Some oonsiderations affecting future developments of the steam cycle.**^ 
K. Baumann. “Engineering,” Nov 7tli, 1930, p. 597. 

f ** Engineer,” May 3, 1929, p. ^88. , 

4 ”The Creep of Steel at High Temperatures.” F. H. Norton. 1929. 
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tbe seimtivoiess of the apparatus did not permit a rate of 
creep of less than 1 in 10^'^ per hour to be measured. 

Norton earned his measurements to an accuracy of 
1 in.lO’ per hour and found no evidence of the rate of creep 
becoming zero. It seems probable therefore, that the 
engineer will have to be content with “ creep stress ” values 



Fia. 201. Relation between stress and rate of creep of Armco iron at 
various temperatures. (N.P.L. data ; L.C.S. « Limiting cretip stress.) 

which have reference to certain definite rates of creep and 
from which he will endeavour to estimate the useful life of 
his high temperature equipment. Obviously the permissible 
rates of creep will vary in different parts of that equipment. 
Equally obviously, experimenters who investigate creep 
stress values should state to what rate of creep their data 
have reference, otherwise the latter’s value as a basis of 
design will be limited. The accumulation of such data takes 
time ; meanwhile the engineer has perforce to make use of 
such values as are extant. In connection with equipment 
for use with steam at high temperatures, for which the need 
of accurate “ creep ” data is urgent, it may be mentioned that 
there is a considerable amount of practical experience among 
engineers as to behaviour of mild steel at 750 ° F. (899® C.) 
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and such information may be usefully coupled up with the 
available comparative data obtained by creep stress methods 
on similar steel and on other types of steel at this and higher 
tempoatmes. Incidentally, it may be noted that if the 
published data for limiting creep stress values be examined 
in this light, much better agreement is found between the 
results of different investigators. For example. Fig. 202 



Fio. 202. CrwiiJ stress of mild stefd at 4,30"/(>0()® C. as a percentage of 
its value at 400® C. 

Curve A. Tajisell and Clenshaw. 

„ B. Cournot and Sasawaga. 

,, C. Pomp and Dahinen. 

,, I). French, Cross and Petersen. 


gives four sets of creep stress values 9 btained for mild steel 
in the range 450°/600® C, plotted as percentages of the values 
given by the saine investigators for 400° C. It is obvious 
that these curves show much better agreement than do those, 
A — D in Fig. 198, on which they are based. 

Fig. 201 indicates that the maximum allowable stress 
decreases fairly rapidly as the permissible rate of creep is 
reduced, Baumann* gives interesting data in this respect 
with regard to mild steel (0.15 per cent, carbon) and a nickel- 
chromium-molybdenum stegl. At 750° F. (399° C.) fgr 

• Loc, cif. 
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example, he gives the relation between stress and rate of 
creep as indicated below: — 


Uaierial. 

Stress (tons per mj. Inch) producing 
a rate of creep per hour of l In. 

10“ 

lO* 

lO’^ 

10* 

Mild Steel 

Ni-Cr-Mo. Steel 

9-3 

30 0 

6-7 

23-3 

4*6 

16*7 

2*9 

100 


A similar relation was found at 800° F., 900° F, and 
1,000° F. Norton* found that various high chromium and 
chromium-nickel steels exhibited much the same behaviour. 
The data in Table CXXTX are typical of his results : — 


Table CXXIX, 


Carbon 

% 

CompoBlti 

Chromium 

1 % 

m of Steel. 

Nickel 

% 

Silicon 

% 

Temperature. 

Stress (tons per so. in.) 
producing a rate of creep 
per hour of 1 in 

10» 

J0« 

10’ 

0-43 

2016 

6-09 

1-35 

r>38®c. 

100 

8-8 

7-6 


' 



619°C. 

4-2 

31 

2-2 

0 09 

1 

1811 1 

812 

043 

538°C. 

8-9 

7*6 

6*7 


1 

1 j 



64.9°C. 

3*9 

81 

2*5 

0*11 

! 13'22 

014 

0-80 

538° C. 

7*6 

5-8 

4 5 


1 

1 



649° C. 

1*2 

0-95 

0-7 

010 

j 17-6 

0-23 

0-86 

538° C. 

4*7 

8-8 j 

31 





649° C. 

1*2 

0-95 

0*7 


The second problem, namely the temperature at which 
strain hardening effects cease to be evident, has an important 
bearing on the influence of time on creep stress values. It 
seems obvious that strain hardening effects will cease in any 
particular steel at the temperature at which it recrystallises 
completely after being cold worked. The effect on the 
hardness values of cold worked stainless dron induced by 
heating it to various temi>eraturaj has been already described ; 

♦ hoc, cU, 

RE 
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as indicated in Fig. 79 , the hardness falls rapidly when the 
rdieating temperature has exceeded *650® C. Most metals 
give similar sorts of curves, although the actual temperature 
producing marked softening varies considerably in different 
metals. Microscopical examination of the reheated speci- 
mens indicates that the marked fall in hardness corresponds 
to a recrystallisation of the metal, the previously distorted 
grains being replaced by others which are cquiaxed. Samples 
heated to still higher temperatures are also found to be 
recrystallised, but the resulting grains are coarser. 

Are structural changes possible at lower temperatures 
than those which produce the marked effect on hardness ? 
There is evidence that this is the case. For example, hard- 
ness curves for pure iron obtained in a similar fashion to 
Fig. 79 indicate that the marked fall in hardness in this 
metal occurs at about 570® C. Chappell* however showed 
that incipient recrystallisation could be detected in cold- 
worked iron after it had had a short reheating at 350° C. 
How much further would this have advanced on prolonged 
exposure at this temperature, and what effect would such a 
heating have on the hardness of a sample so treated ? If 
the effects of cold work are removable, even partially, by 
prolonged heating at temperatures below those producing 
the marked fall in hardness — and on the microscopic evidence 
mentioned above, such an effect seems within the bounds of 
possibility — the strain hardening of a sample produced at 
these temperatures by an initial extension is likely to be 
removed gradually and hence lead to further creep. The line 
of thought thus started extends far ; for example, are 
structural changes to be looked for in steels in general, even 
when not previously cold -worked, by long continued heating 
at temperatures of 400° or 500° C., such as are used, or are 
contemplated for use, in modern power plant ? Some inter- 
esting observations on this point have recently been made 
by R. W. Baileyt who, on examining a superheater tube 
which had been in use for 16,000 hours found that spheroidisa- 
tion of the carbide of the pearlite had occurred near the 
outlet end of the tube, where the temperature had probably 
been about 450° C. Experiments carried out on samples cut 
from the inlet end of the tube (where the working temperature 

♦ J.LSJ,, 1914, I, p, 400. 

t ** Engineeiiiig,” February 21, 1930, p. 265. 
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had been lower and ^lad produced no obvious micro- 
structural change in the steel) showed that at temperatures 
between 600** and 700® C., the relationship between absolute 
temperature and time to produce spheroidisation followed an 
exponential law, and that extrapolation of the curve obtained 
to the ordinate representing the life of the condenser tube 
gave a temperature value in the range 400®/475° C. 

Presuming that the spheroidisation observed in this 
particular tube is really the result of prolonged exposure at 
about 450® C. (which seems very probable), and not of an 
accidental and unrecorded heating to a considerably higher 
temperature, there seems no reason why similar spheroidisa- 
tion should not be produced in other steels, including alloy 
steels. And as the coalescence into globules of carbide — 
whether existing previously as the lamellae of pearlite or the 
fine particles of sorbite produced by hardening and temper- 
ing — will tend to diminish the strength of the steel in which 
it occurs, it may be suggested that the results of creep tests 
obtained in a relatively short time (e.g. in a week or two), no 
matter how accurately carried out, are likely to give higher 
values for “ limiting creep stresses ” than tests occupying a 
much longer time. Unless, of course, the samples tested 
possessed, owing to prior treatment, a structure unlikely to 
be affected appreciably by long continued heating at the 
temperature under test. 

When determining to what extent a heated metal part 
may safely be stressed in service, the designer will presumably 
decide the maximum amount it may distort before it ceases 
to function properly. It will V)e obvious that the deter- 
mining factor in calculating the maximum permissible stress 
will depend on whether the operating temperature is such as 
to cause the metal to function under stress in the manner 
typified in Fig. 199 or in Fig. 200. In the former case, the 
metal may extend appreciably (presuming the stresses are in 
tension) when the load is applied but afterwards may possess 
a rate of creep of almost negligible magnitude. Hence, in 
many cases of this kind the allowable stress is determined 
by the immediate extension of the part when loaded and not 
by its subsequent rate of creep. On the other hand, at 
t^peratures where the behaviour of the metal is typified 
by Fig. 200, rates of creep are the determining factor in 
deciding permissible stresses. This division of characteristics 
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may be summarised in the curves shown in Fig, 208. 
Curve ABC marks the stress below which creep does not 
exceed some specified low rate, e.g., one part per million per 
hour. At atmospheric temperature this curve approaches 



Fio. 203. Typical curves representing the behaviour of steel at high 
temperaturos ; see pages 435 and 436. 

very closely the tensile strength of the metal. On the other 
hand, the maximum stress which may be applied without 
producing appreciable plastic flow is related to temperature 
in the manner indicated by a curve DB. At atmospheric 
temperature this curve marks the elastic limit of the steel. 
Under combinations of stress and temperature included in 
the area ABD, the steel will distort plastically when the stress 
is applied but after this, the dimensions of the part will either 
become constant or change at a rate less than the permitted 
rate of creep. 

At the present time the amount of data regarding the 
creep rates of various types of corrosion resisting steels is 
somewhat meagre. The curves in Fig. 204 summarise the 
results obtained by French, Cross and Peterson* on mild 
steel, 20 per cent, chromium steel and an austenitic chromium- 
nickel-silicon steel. All these steels contained approximately 
the same amount of carbon. The broken lines on the left- 
hand side of the diagram mark the loads producing an initi^ 
extension of the amount indicated (0*1 or 1*0 per cent, 
respectively) while the full lines to the right give the relation- 
ship between rate of creep, load and temperature. The high 

* ** Oetep in Five Steels at Bifiezent Tempetatuxes.*' Bureau of Standards, 
Tecb. Paper No. 302. January 10, 1928. 
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chromium sted exhibits'a marked improvement on the mild 
steel, particularly at temperatures between 400° and 000° C. 



Fig. 204. 

Creep rates of steels (French, Cross and Petersen). 

Curve 

Carbon 

% 

Chromium 

% 

Nickel 

®/o 


A, A^ D, !)» 

0’24 


0-98 

B, E, 

0*28 

20d 


c, c»; F* F» 

0-24 

18*1 

23-3 



Curves A, B, C. 

„ I>. E. F. 

A\ CK 
I)», E\ VK 


Stress producing creep rate of 1 in 10* per hour* 

tf f* *» f» »» 1 *» *» ** 

„ giving initial extension of 0*1 per cent. 

I'ft 

99 99 99 99 »» * V 99 »» 


The austenitic steel shows to advantage above 500®C., its 
auperiority over the chromiun> steel being very evident at 
about 600® C. 
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F. H. Norton’** tested a considerable number of steels 
at temperatures between about 500° and 800° C. Table 
CXXX contains his results on steels of the stainless type 
tad also on a few others for comparison. Some of these are 
also plotted in Fig. 205. The advantages of the stainless 
irons over mild steel, and some of the ordinary constructional 




Carbon 

Silicon 

Manganese Chromium 

Nickel 

Tungsten 

Mark 

0/ 

/o 

/o 

C/ 

/o 

% 

0/ 

/o 

% 

A 

0*8 

— 

— 

— 

— 

— 

B 

0-20 

— 

— 

— 

— 

— 

C 

0-34 

0T7 

0-4G 

— 

— 

0-74 

D 

OTO 

0*80 

0-31 

17-6 

— 

— 

£ 

O'll 

0-30 

0-45 

13’22 

— 

— 

F 

0-09 

0-43 

0*38 

1811 

8T2 

— 

0 

0*14 

1-09 

0-43 

6-37 

1901 

— 


alloy steels is again evident. It will also be noticed that an 
increase in chromium content from about 13 to 17 per cent, 
produced no beneficial effect on the strength of the material ; 
in fact, below about 600° C., the lower chromium iron is 
decidedly the stronger. Similar results were found by the 
author ; stainless irons containing 14*1 and 17*1 per 
cent, chromium were found to creep at a rate of 6 milliontlis 
of an inch per inch per hour under a load of 2 J tons per square 
inch at 600° C, but, under the same condition, a third iron 

• ** The Creep of Steel at High Temperatures.” F. H, Norton. McGraw* 
Hill Pub. Co.» 1929. 
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Table CXX3t. 


Stresses {tons per sq. in.) Producing Creep Rates of 1 in 10* per 
hour {CoL A) and 1 in 10’ per hour {Col. B). 

(B\ H. Norton.) 


Mark. 

Carbon 

% 

BiUcon 

% 

Manganese 

1 

Chromium 

% 

Kickel 

% 

Tui^tcn 

Vanadium 

% 

A 

0-20 







B 

045 

0-20 

042 

. — 







c 

0*84 

019 

0*57 

— 

3*46 

— 



D 

o-to 

0-20 

0-50 

0-66 

1-30 

— 



K 

0*40 



0-25 

0-62 

0*79 

-- 

— 

0*57 

F 

Oil 

0-30 

0*45 

13*22 







G 1 

010 

0-86 

0*31 1 

17*6 

— 

— 

__ 

H 

009 

0-47 

047 

124 

— 

— 

— 

J 

0-29 



0-36 

0-80 

26*94 

— 

— 

— 

K 

i 014 

0-32 

045 

18*15 

8*23 



0*13 

L 

1 014 

109 

0-43 

6*37 

19*01 

— 

— 

M 

1 0-12 

0-76 

0-53 

24*90 

19*67 

— 

0*18 

N 

i 0-43 

135 

0-52 

2016 

6*99 

0*60 

0*23 

0 i 

i 

j 009 

043 

0-38 

18*11 

1 

8*12 

— 

— 


482“ C. 

538“ C. 

593 

■c. 

648 

“C. 

734“ C. 

815“ C. 

A. 

B. 

A. 

B, 

A. 


A. 

B. 

A. 

B. 

A. 

B, 

4*69 

3*48 

1*74 

1*43 









5*14 

3*93 

2*01 

1*43 

0*94 

0*67 

O 

6 

0*25 

— 

— 

— 

— 

— 

— 

2*23 

1*56 

0*76 

0*54 

— 


— 

— 

— 

— 

5*80 

4*69 

2-68 

2*01 

0*98 

0*71 

0*33 

0*25 

— 

— 

— 

— 



— 

2*68 

2-23 

1*02 

0*76 

0*49 

0*31 

— 

— 

— 

— 



— 

5*8 

4*45 

2*36 

1*78 

0*94 

0*71 


— 

— 

— 

7-14 

5*35 

3-8 

3*12 

2*36 

2*01 

0*94 

0*71 

0*54 

0*40 

— 

— 

— 

— * 


— 1 

2*23 

1*65 

1*10 

0*67 

0*62 

0*40 

— 

— 

— ! 

— 

— 

— 

— 

— 

0*71 

0*45 

0*18 

0*08 

— 

— 





j 







4*02 

2*90 



— 

— 

— 

— 

— 

11*15 

8*93 

4-91 

4*24 

2*68 

2*46 

148 

1*25 

0*49 

0*88 

— 

— 

— 

— 

— 

■ — 

3*35 

2*46 

— 

i — 

— 

: -dr 

— 

— 

8*48 

7*59 

— 

___ 

3*12 

2*28 

— 


— 

— 

.1M5 

9*15 

7*59 

6*70 


3*57 

3*12 

246 

— 


0*38 

0*33 
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co ntAining 20*5 per cent. chromi'Um, extended about ten 
times as fast. 

Norton’s results also demonstrate the superior strength 



Fia. 206. Strassea producing rates of creep of 1 in 10* per hour. (Bureau 
of Standards.) 


Mark Carbon 

Soliran 

Man- 

ganese 

Chromium 

Nickel 

Tung- 

aten 

Treatment 

A 

0/ 

/o 

032 

% 

0*03 

0/ 

/o 

1-62 

% 

13*93 

0/ 

/o 

34-9 

0/ 

/o 

As rolled 

B 

0-28 

0*03 

1*46 

11*12 

35*9 

0-34 

Annealed 900® C 

C 

0'28 

0-07 

1*50 

10-64 

38*6 

1*77 

As rolled 

B 

0*29 

118 

0*60 

19-88 

8*0 

4*5 

As forged 

B 

015 

0*22 

0-35 

17*32 

8-46 

— 

As rolled 

F 

0*16 

0*22 

0*36 

17*32 

8*46 

— 

W.Q. 1.000® C, 


“tof the austenitic steels, as compared with the stainless irons, 
at temperatures above about 500® C. 

More recently, the results of an extensive investigation 
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at the Bureau of Standards* into the properties of iron* 
nickel-chromium alloys has become available. A large 
number of alloys were tested as regards their flow character- 
istics ; the data relating to those coming within the scope 
of this book are given in Figs. 206 and 207. Perhaps the 



Fig. 207. Stresses producing rates of creep of 1 in 10® per hour. (Bureau 
of Standards.) 

Analyses as in F^g. 206. 

most remarkable feature of these results is the poor behaviour, 
above about 600° C., of the high nickel steel containing 
1 *77 per cent, tungsten (steel C). Apart from this steel, the 
data given indicates that the addition of tungsten has a 
distinct strengthening effect at high temperatures, steel D, 
for example, being outstandingly good. The relative 
behaviour of samples E and F is interesting. The former 
was in the rolled condition and microscopic examination 
showed that its structure was considerably coarser than that 
of the second bar (F) which, incidentally, had been softened 
at 1,000° C. after rolling. Evidence has been obtained by 
other investigatorsf that under certain circumstances an 
alloy in a coarsely grained condition may be distinctly 
stronger at high temperatures than when possessing a very 

• ** Flow Characteristics of Special Fe-Ni-O Allow and Some Steels at 
Elevated Temperatures.'* Eesearch Paper Ko. 192. July, 1930. 

« t “Some Alloys for Use at High Temperatures.*’ Roeenhain and others, 
JJ.8J,, 1930, 1, p. 225. 




442 


STAINLESS IRON AND STEEL 


fine structure and the results given above would appear to 
confirm this. At the same time they suggest that different 
batches of material of similar analysis may exhibit consider- 
able variations in their behaviour at high temperatures. 

A very comprehensive report on nickel-chromium 
and complex iron-nickel chromium alloys has been issued by 
the National Physical Laboratory.* The work was mainly 
concerned with the higher nickel-chroridum alloys and it 
showed that it was possible to produce complex types of 
these alloys possessing remarkable resistance to deforma- 
tion when hot. In particular the authors refer to an alloy con- 
taining 80 per cent, chromium, 30 per cent, nickel, 33-5 per 
cent* iron, 4 per cent, tungsten, 1*5 per cent, carbon and 1*0 
per cent, silicon which had a life of 50 days under a load of 
six tons per square inch at 800° C. Alloys so hard as this 
are almost incapable of being forged and hence are used as 
castings. This, however, is no detriment as regards their 
strength at high temperatures because tests on alloys of a 
somewhat softer type, which could be forged or rolled, showed 
that these were invariably less strong at 800° C. after being 
worked than in the cast condition. The reason for this is 
not yet understood. 

A reference to Figs. 206 and 207 shows that a chromium- 
nickel steel of the “ 18/8 ” type containing, in addition, 
4*5 per cent, tungsten, has remarkably good properties. 
Tapsell and Remfryf* tested a steel containing : — 

Carbon ... ... ... 0*46% 

Silicon 1’20% 

Manganese 1-09% 

Chromium ... ... 14*0% 

Nickel 26*5% 

Tungsten 3*59% 

and obtained the following creep stress values : — 

Temperature, Estimated Limiting Creep Stress. 

600° C, ... 11 tons per sq. inch'. 

700° C. ... 6 „ 

800° C. . . . 2 „ 

It is probable that these figures have reference to a rate of 
creep of about 1 in 200,000 per hour ; hence they are more 

♦ **Some Alloys for Use at High Temperature.” Roseuhain and others. 

JJ.S,L, 1930, I. p. 2S6. 

t Engineering Research Board, Special Report No. 15, 1929. 
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under load of 2 tons per h({. in. x 100. 
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comparable with the results in Fig. 266 or in the upper part 
of Fig. 204 than with those in the lower part of the latter 
diagram or in Fig. 207. 

From an examination of the data given in the last few 
pages, it would appear that : — 

(1) Stainless irons containing 12/14 per cent, 
chromium are di^itinctly stronger than mild steel, par- 
ticularly in the range 400°/600° C. Raising the chromium 
content to 17/20 per cent, lowers the strength. 

(2) The austenitic chromium-nickel steels, contain- 
ing 15/20 per cent, chromium and 12/8 per cent, nickel 
are distinctly stronger than the stainless irons at tempera- 
tures of about 450° C. and over. Still greater strength at 
these high temperatures may be obtained by the addition 
of tungsten or silicon, particularly the former. The 
value of an increase in nickel content to 25/85 per cent, 
is not definitely established from these results.* 

The austenitic steels have however a rather disturbing 
feature which reduces their value in certain ranges of tem- 
perature. It has already been shown that carbide is pre- 
cipitated along the grain boundaries of the austenite when 
such steels are heated in the range 500°/900° C. Owing to 
this precipitation, the steels are liable to develop inter- 
granular cracks if they are stressed continuously in tension 
while heated in this temperature range. For example, a 
test piece of steel containing 0’18 per cent, carbon, 16-5 per 
cent, chromium and 10 *8 per cent, nickel fractured suddenly 
after being loaded for three weeks at 700° C. with 2 tons per 
square inch. Prior to the fracture occurring, the test piece 
(2 in. gauge length) had extended less than 0*001 in. The 
fracture was entirely intergranular and microscopical exam- 
ination showed that numerous intergranular cracks had 
been formed in the material adjacent to the fracture. Some 
of these are shown in Fig. 208. Tapsell and Remfryf found 
that steel containing 0*46 per cent, carbon, 14*0 per cent, 
chromium, 26'5 per cent, nickel and 3*59 per cent, tungsten 
developed similar cracks at 700° and 800° C. during the 

* Experience in the hot working of ohromium-nickel steels of different nickel 
contents in^oates very strongly, ^wever, that the higher nickel alloys (e.g*, 
those containing 20 per cent, or more) are much harder to deform at temperatures 
aJjove 800*’/900^C. 

f loc, ciL 
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course of creep-stress determinations. Specimens at 800** C, 
fractured in 78 and 152 days after exten^ng not more than 
2 per cent, of their length. Similar results were also found 
by French and his collaborators at the Bureau of Standards ; 
thus the chromium nickel steels of the “ 18/8 ” type which 
they tested (steels E and F, Figs. 296 and 207) developed 
marked intercrystalline cracks at temperatures between 
625® and 750® C. and to a less extent at 580® C. They state 
that when the specimens were allowed to remain under load 
until fracture occurred, the fracture was intercrystalline 
and grain separation was observed at some distance 
from the fracture. Similar intercrystalline weakness was 
noted in steel D at 680® and 750® C. and in steel C at 650° C. 
(Figs. 206 and 207.) 

It is obvious that this type of intercrystalline weakness 
exists in austenitic steels possessing widely different com- 
positions. Meanwhile, until further evidence is available 
as to whether intergranular fracture may occur under any 
load in this temperature range, or is only likely to be pro- 
duced if the stress exceeds certain minima at given tempera- 
tures, it would appear undesirable to use these steels under 
conditions where their failure in this manner would be liable 
to have serious consequences. 

An inspection of the various curves connecting creep 
stress values with temperature brings out one fact very 
strongly. The safe stress for any particluar steel falls so 
rapidly with rise in temperature that an increase of 10® C, 
frequently lowers this stress about 10 per cent. It is thus 
obvious that either a considerable factor of safety must be 
used to cover possible or probable temperature fluctuations 
in service — in which case the prescribed working stress will 
frequently be very low — or it must.be arranged with cer- 
tainty that all temperature fluctuations shall be below, and 
not above, that selected for determining the creep stress value 
to be used as a basis for design. 

The time-consuming character of creep tests has led to 
attempts to devise some modified form of test which could 
be carried out in a few days and yet give results which could 
be used as a basis for design. Prof. Galiboiurg,* for example* 
tested a number of steels in connection with the recent 

* Xs&aiB de Traction k Chaud Bur'Aciers.’* Centre d'lnfonnatioii du mokel* 
Parle, 1929- 
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extension of the power station at Issy-les-Moulineaux. The 
behaviow of the steels *at 450® C, was in question and the 
test consisted in determining with an accuracy of 
measurement of 1 in 70,000, whether or not creep was pro- 
duced under a given load in 12 hours. No steels of the 
stainless type were included in the tests but the results on a 
mild steel (0-22 pei; cent, carbon) indicated that creep was 
produced in this material at 6*5 tons per square inch but not 
at 4’8. These results may be compared with the data given 
in Fig. 198. 

Dr Hatfield* has advocated a rather more elaborate 
form of test, giving a value which he has termed “ time- 
yield.’* In this test, the test piece is allowed 24 hours under 
load to permit any initial movement to be completed and 
then the presence or absence of creep determined over a 
further period of 48 hours. The maximum initial extension 
is arbitrarily fixed at 0-5 per cent, of the gauge length and an 
accuracy of measurement during the creep ” period of the 
order of one part per million per hour is postulated. Dr. 
Hatfield considers that a value of two-thirds of the “ time- 
yield ” may be used by designers as a safe stress in tension. 
His results are quoted in full in Table CXXXI and the 
values given there may be compared with the “ creep- 
test ” results previously recorded. 

If the conditions for Dr. Hatfield’s “ time-yield ” be 
examined, it will be seen that they depend on at least two 
circumstances : (a) an initial extension limited to 0*5 per 
cent., and (6) a subsequent rate of creep not greater than 
1 in 10® per hour. Which of these two will be the deciding 
factor in determining the value of the “ time-yield ” will 
depend, for any one steel, on the temperature of test ; that 
is, on whether the temperature is such as to cause the steel 
to behave in the manner typified by Fig. 199 or by Fig. 200. 
At certain temperatures, at least, the deciding factor will not 
be the same for different steels. Possibly one of the most 
interesting features of Dr. Hatfield’s results is the poor 
behaviour of steel J, containing roughly 18 per cent, chromium 
and 3 per cent, nickel. On material of similar analysis, 
Nortonf obtained values of approximately 10 tons per 

♦ ‘‘Pexmanenoo of Dimensions imder Stress at Klevatad Temperatures.*’ 
JJMJ. 1930., II, p. 215. 

*1* hoc. cit. See Fig. 205. 
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Table CXXXI. 

Vdhut for " Tim Yield ” of various steeh. {Dr. Hatfield.) 


Mark. 

Carbon 

% 

Silicon 

% 

Man- 

ganese 

% 

Chro- 

mium 

% 

Nickel 

% 

Molyb- 

denum 

% 

Tungsten 

Van- 

adium 

% 

Alu- 

minium 

% 

Cobalt 

% 

A 

0*25 

0*11 

0*58 



0*18 

— 

— 

— 

— 

— 

B 

0-88 

0*21 

0*58 

— 

0*20 

— 

' — 


— 

— 

c 

0*24 

0*20 

0-55 

nil 

3*8 

— 

— 

— 

— 


D 

0*25 

0*28 

0*63 

1*35 

8*10 

0*55 

— 

0*22 

— 

— 

E 

0*46 

0*27 

0*59 

1*72 

0*07 

0*33 

— 

— 

1*01 

— 

F 

0*51 

8*16 

0*88 

8*26 

0*16 

— 

— 

— 

— 

— 

G 

015 

0-81 

0-36 

14*66 

0*19 


— 

— 

1 

— 

H 

0*29 

0*80 

0*28 

18*04 

0*85 

— 




-( 

J 

0*16 

0*29 

0*30 

17*82 

8*04 

— ' 


— 

— 

- 

K 

0*51 

0*40 

0*63 

12*64 

9*81 

— - 

8*75 

— 

■— 

-\ 

L 

1*70 

0*51 

0*84 

12*45 

— 

0*86 

__ 

0*87 

— 


M 

0*85 

0*28 

0*21 

3*37 

— 

— 

10*14 

0*43 

— 


N 

0*67 

0*87 

0*32 

3*96 

— 

— 

16*14 

0*60 

— 

— 

0 

0*74 

0*42 

0*28 

3*82 


— 

18*06 

1*18 


4*15 


Mark 


Treatment. 


i Tensile 
istr’ngth 
iatl 5 ^C. 


“ Time Yield " : tons per sq. inch. 


200 *C. SOO^C. 400 'C. SOOT. 550 ®C. | fiOO^C. \ TOO^C, 


A 

A.C. i 

33*9 

A 

Annealed 660^ 0. for 48 hre. 

29*8 

B 

A.C. 860® C 

38*2 

C 

A.C, 860® C 

40*86 

D 

O.H.850®C.,T.650®C. 

60*0 

E 

»» ft 

67*6 

F 

O.H. 960®C.. T.760®C. ... 

60*2 

G 

A.H. 1000®C., T.700°C. ... 

45*1 

H 

O.H. 976®C„T.760®C. ... 

48*0 

J 

Softened 1160® C 

44*1 

K 

„ 1060® C 

66*2 

L 

A.C.1000®a,T.660®C. ... 

70*3 

M 

O.H. 1160® C..T.660® C. 

.89*2 

N 

Annealed 900® 0 

i0O*6 


Hardened 1320® C., \ 



T, 6W® 0., 3 hours j 


0 

Annealed 900® C 

67*7 

0 

Hardened 1320® G., \ 



T. 800® a, 3 hours / 



10-0 


8*1 

4*2 

6*3 

3*6 

8*1 

4*6 

10*2 

4*7 

18*0 

7*5 

16*6 

6*6 

19*0 

2*6 

14*76 

6*0 

14*6 

5*76 

6*76 

6*2 

19*5 

12*6 

— 

7*75 

52 

20*0 

— 

6*25 


2-3 

1-68 

2*6 

2*1 

2-9 

2-3 


3-0 

7*5 

3-6 

13-0 

3-0 



21*0 

6*25 


4*0 


22-0 


1 


4*2 

0-6 

1-0 

1-0 

1-0 

2*3 

3*0 


2*0 

0*6 


square inch at 500° C., 6*5 at 550° C., 4*0 at 600° C., and 2*0 at 
700° C, for the stresses producing a rate of creep of 1 in 10* 
per hour; values roughly twice as great as those of Dr* 
Hatfield for the same rate of creep* The cause of this 
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difference may possibly be sought in the very short duration 
of the time-yield ” test ; in the author^s experience in tests 
at 500®/700® C., a distinctly longer period than 24 hours has 
frequently elapsed before a test piece has reached a reasonably 
constant rate of creep. If the measurements as regards 
creep be taken before the period of ‘‘ initial extension is 
over, the estimated,, stress values for given rates of creep are 
likely to be lower than if this initial movement of the test 
piece had been completed. 

Even tests of the nature of Dr. Hatheld^s “ time-yield ” 
occupy a considerable time and when a series of alloys are to 
be surveyed in order that those likely to be of the greatest 
service under given conditions may be selected, some quicker 
method of test is desirable. The author believes that tensile 
tests carried out under strictly comparable conditions will 
afford useful information in this respect and a similar opinion 
has been expressed by Dr. Rosenhain, Dr. Hatfield and 
Mr. Brearley, among others. If tensile tests, pulled at the 
same rate at some given temperature, on two different alloys 
show that one has a tensile strength 50 or 100 per cent, 
greater than the other, it is logical to assume that the former 
is likely to sustain indefinitely a greater load than the latter 
at the same temperature. For example, the data given in 
Table CXXXII* suggests that the 14 per cent, chromium 
Steel will be stronger than mild steel at temperatures between 
500® and 700® C, but that the complex chromium-nickel- 
tungsten steel will be markedly superior to either at the same 
or higher temperatures. The silicon-chrome valve steel is 
likely to have good strength up to about 600® C., but its 
value will diminish rapidly above this temperature. 

Results obtained by Henshawf on typical valve steels are 
given in Table CXXXIII. Again the austenitic chromium- 
nickel-tungsten steel is superior to the others but one may 
also note the much higher values given by the chromium- 
silicon sted C, as compared with steel D, low in silicon but 
otherwise siifiilar in analysis to C. As regards the cobalt- 
chromium steel E, the results hardly suggest that this steel 
has a value commensurate with its cost as compared, for 
instance, with steel C. The nickel-chromium steel A and the 

* Taken from ** Heat Resisting Steels.” Pt. 11. ** Mechanical PropeTUes/' 
Dr. W, H. Hatfield. JJ.SJ, 1928, I, p. 673. 

f ** Valve Steels.” P. B. Henshaw. J, S, Aero, 8oc, March, 1927. 
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Table CXXXH, 

TensUe Tests at High Temperatures (HcAfidd), 


MmIc. 

Carbon 

Sllioon 

ganesfl IChromlum 

% % 

A 

0-32 

0*19 

0-53 


B 

0-20 

0*27 

O-flO 1 

1 0*89 

C 

0*27 

0'26 

0-30 1 

I 13*30 

D 

0-60 

3-98 

0-52 1 

1 8*75 

E 

0-40 

0*97 

0*41 1 

I 13*65 


Nickfil 

% 

1 Tai^ten 

Treataant. 

0*09 


A.C. 900® C. 

3*41 


O.H. 830®C..O.Q. 600® 0. 

0*42 


O.H. 950® 0., T. 760® a 

0*23 


O.EL 1075® C., T. 900® C. 

10*31 

3'63 

A.C. 960®a 


Temp- 

erature. 

®C 

A. 

B. 

C. 

D. 

E. 

Y.P. 

M.3. 

Y.P. 

M.8. 

Y.P. 

M.S. 

Y.P. 

M.S. 

Y.P. 

M.S. j 

16 

22*2 

36*6 

48*8 

67*8 

35*7 

48-5 

59*0 

68*0 

36*0 


100 

18*8 

33*7 

47*5 

66*4 

36*8 

45*0 

58*5 

68*6 

37*5 

63*5 \ 

200 

20-7 

40*7 

45*6 

64*86 

36*4 

43*6 

50*2 

63*0 

36*3 

49*4 \ 

300 

19*4 

43*56 

48*5 

65*28 

33*9 

41*3 

45-9 

68-2 

32*6 

43*4 \ 

400 

19*4 

40*7 

46*9 

65*41 

31*2 

37*8 

45*0 

67*0 

29*4 

42*7 \ 

500 

16*0 

28*6 

39*0 

44*91 

— 

32*7 

39*0 

45*3 

26*0 


600 

— 

15*6 

— 

23*62 

— 

18*8 

— 

24*6 

— 


700 

— 

8*07 

— 

12*31 

— 

12*1 

— 

10*08 

— 


800 

— 

6*47 

— 

6*6 

— 

6*04 

— 

4*87 

— 

17*2 

900 


3*76 

— 

4*53 

— 

— 

— 

2*82 

— 


1000 


2*65 


2*97 

— 

1 

— 

— 

— 

m 


Table CXXXHI. 

TensiU Tests at High Temperatures {Henshaw). 


Mark 

Carbon 

% 

Silicon 

% 

Man- 

ganese 

% 

Chro- 

mium 

Nickel 

% 

! Van- 
adium 
% 

Tung- 

sten 

% 

i Cobalt 

®/o 

Molyb- 

denum 

% 

Treatment. 

A 

0*43 

0*25 

0*45 

0*75 

2*8 




! 

O.H. 780"C., O.Q. 626'’0. 

B 

0*40 

0*89 

0*44 

13*0 

— 

— 

— 

— 

— 

O.H. 950®C.,A.C.700®a 

C 

0*64 

2*6 

0*69 

8*2 ; 

— 

— 

1*96 

— 

— 

A.a 1000®C.,A.C.800®C. 

D 

0*61 

0*34 

0*40 

9*56 1 

— 

— 

— 

— ‘ 

— 

A.C.960®C.,A.C.700®a 

E 

1*50 

0*42 

0*27 

13*26 

— 

— 

— 

3*7 

0*72 

A.C.950®C.,A.C.750®C, 

P 

0*73 

0*16 

0*18 

3*76 

— 

0*5 

18*9 

— 

— 

A.C.950®C.,A.C.800®a 

G 

0*45 

1*75 

0*65 

12*67 

12*81 


2*1 

— 

— 

A.O. 800®0, 


Maximum Stress (tons per square inok) 


Hark. 

15® C, 

000® C. 

650® C. 

700® C. 

750“C . 

800® C. 

850® C. 

»00®C. 

950® C. 

^ A 

S6-fi 


23-6 

1 

13-6 

11*2 

9*2 

64 

4*5 


B 

48*3 

24*2 1 

17*3 

mMM 

8*0 


5*6 

7*9 


C 

63*0 


34*5 

26*3 j 

17*8 


7*2 

3*9 



64*0 

36*6 


19*0 1 

mssM 

7*0 

7*2 

7*3 

6*2 

B 

68*0 


30*6 j 

24-8 

13*6 


6*8 

8*1 

6*0 

P 

61*0 


26*6 

21*3 

16*8 

9*8 

7*7 

8*6 

6*6 

0 

68*0 

42-8 

38*3 

33*8* 

28*6 

24-0 

19*4 

16*0 

‘12-6 
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high sp^ed steel F have b^en included for comparison as both 
these types of steel have been wdely used for valves. 

Apart from this, the tensile test affords useful informa- 
tion, with regard to the relative behaviour of metals when 
subjected to stress for short periods at high temperatures. 
Thus, Henshaw has urged its value as a guide to the selection 
of steels for valves Jor internal combustion engines. Similar 
considerations obviously apply in connection with the 
relative ease or otherwise of hot working different steels ; 
the property it is desirable to measure in this case is resistance 



Fiq. 209. I?en8ile strength of hardened steels at temperatures up to 

esoo'^c. 

Curve A. Stainless Steel. 

„ B. Ordinaiy Steel, 1*0 per cent, carbon. 

„ C. .. »» 0*5 per cent- carbon, 

to rapid flow under impact or q\iickly applied pressure and it 
seems obvious that properly conducted tensile tests will 
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Phosphor Bronze {Aitchison). 
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aford (evidence as to the relative ** stiffness *’ of steels of 
high temperatures. 

In the range of ordinary steam temperatures, e.g., up to 
B0d^lB50° C„ the tensile test supplies valuable data to the 
engineer as regards the relative strength and hardness of the 
various metals he uses for steam equipment. Useful de- 
ductions may be drawn from the curves in Figs. 209 and 210. 
Those in the former indicate tliat hardened samples of the 
12/14 per cent, chromium steel retain their hardness to a 
higher temperature than ordinary carbon steels similarly 
heat treated, and hence are likely to be much less eroded than 
the latter by superheated steam. The influence of tempera- 
tures up to 500° C. on the tensile strength of various steels 
and non-ferrous alloys is shown in Fig. 210 and it i^ evident 
that the 12/14 per cent, chromium steels retain their strength 
at these ordinary steam temperatures in a way which com- 
pares very favourably with any of the other metals. 

The effects of high temperatures on the toughness of 
steels arc also important in engineering work. It is well 
known that ordinary carbon steels are subject to what is 
known as “ blue brittleness at temperatures rather less 
than those .showing a faint colour of heat, roughly between 
300° and 500° C. The best means of measuring this brittle- 
ness is the notched-bar impact test. In carrying out this 
test it is almost impossible to have a furnace round the test 
piece while it is being broken ; however, if the test piece be 
heated to the required temperature, transferred rapidly to 
the testing machine and immediately broken, the loss of 
temperature occurring between drawing from the furnace 
and breaking is very small so that the temperature of the test 
piece at the moment of breaking may be regarded as being 
the same as that of the furnace without appreciable error. 
In the experiments described in the following paragraphs, the 
test pieces were 10 mm. square and were notched with the 
standard ” Vee ” notch, as specified in the Izod test ; they 
were broken,’ however, in a Charpy machine because the 
test piece may be more rapidly placed in position and broken 
in this machine than in the Izod. 

Tests on ordinary carbon steels show that the range of 
“ blue brittleness ” is well indicated by the notched bar test. 
This may be seen from the curves in Fig. 211. Fig 212 
shows that a similar brittle range occurs in several of the 
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stmctural alloy steels in common *use. It will be .noticed, 
in all these curves, that the impact value rises sharply to a 
maximum at about 700°C. and then falls gradually. At 
temperatures below that at which the maximum impact value 
is obtained, the test pieces break under the test; at this 
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Fig. 211. Impact values of ordinary steels at high temperatures : — 

A. 0*23 % carbon. 

B. 0*47 % „ 

C. 0-73% „ 

temperature and above they no longer break but bend, and 
the gradually falling impact value in the range 70O°/1,OOO° C. 
is due to the material becoming softer with increasing tem- 
perature and, therefore, requiring a smaller expenditure of 
energy to bend it. 

In the case of the stainless irons and hardenable stainless 
steels, the relationship between toughness and temperature 
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is quite different. As may be seen from the curves in Eig. SIS, 
the impact value of tl^ese steels is much less affect^ by 
temperature ; these materials have no range of “ blue 
brittleness ” such as is ob^rvable in figs. 211 and 212. 



Fxo. 212. Impact values of various structural alloy steels at high 


temperatures ; — 


Curve 

A 

B 

C 

D 


8t(vel 
3 % Nickel 
3 % Nickel 

" /O 

Nickel Chrome 


Carbon 

Nickel 

Chromium 

0/ 

/o 

/o 

% 

002 

0-32 

3-34 

0*32 

3-34 

002 

0-36 

4'87 

— 

0*31 

3-50 

1-68 


Vrt^vious 


Treatment 


O.H. 830*’ W.Q, e50^ C. 

A.H. 830" C. 

O.H, 830" WQ. 625" C, 
A.H. 830" WQ. 650" C. 


Results obtained from two austenitic steels, of high 
and low carbon contents, are plotted in Fig. 214. The lower 
carbon steel exhibits a distinct minimum in the curve at 
W0®/650'’C. At the same time, it should be emphasised 
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that, e-^ea at thb tonperature, the steel is not laittie : an 
impact value of 15 kilogram-metres indicates a very touj^ 



Fio. 213. Impact values of stainless steels at high temperatures : 

Carlton Chromium 

C^rve % 7o 

A 010 13-6 

B 015 13*0 

C 0-21 13-5 

D 0-34 11*2 

steel, as will be obvious on referring to the three previous 
diagrams. The test pieces tested at 700® C. and over did 
not break and the gradual drop in impact value at higher 
temperature is due to the progressive softening of the steel. 
The impact value of the higher carbon steel commenced to 
fall at a lower temperature than in the other, but otherwise 
the curves for the two steels exhibit similar characteristics- 
Henshaw* obtained the values given in Fig, 215 on a 
series of valve steels. In this case, the test pieces were 
broken in an Izod machine, a special gripping device being 
used which enabled the test pieces to be very quickly gripp^ 
and broken* The most noticeable feature here concerns the 
silico-chrome steel which exhibits a very great increase in 
toughness with rise in temperature, llie values obtained 
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from the austenitic steel are low» in the range 400® /800* C. 

at'hi^er or lower temperatures; the curve for this 
steel is very similar to that of the higher carbon steel m 
Fig. 214, although the latter steel is much the tougher of the 
two.^ 

One other effect of prolonged exposure at high steam 
temperatures on the properties of steels requires attention. 



Fio. 214. Impact values of austenitic steels at high temporaturea 


Carbon 

Curve % 

A 0-09 

B 0-2(1 


Chromium Nickel 

% 

15-4 

15-5 10-6 


These temperatures of 400°/450° C.— and possibly still higher 
in the not distant future— are in the range of temperature 
which induces temper brittleness in many high tensile alloy 
steels. 

Such steels may be heat treated to possess a tensile 
strength of 00 tons per square inch together with good 

* 10 kgm, in rig* 214 comaponds approanmately to 72 ft* lb». in Fig, 215. 
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tbat, evai at this tmperature, Uie steel is not brittle ; an 
impact value of 15 kilogrmn-metres indicates a very toug^ 

n 





200* 400 * 000* aoo* 

TEMPEOATWE 

Eig. 213. Impact values of stainless stools at high temixiratures ; — 

Carbon Chromium 
Curve % % 

A 0*10 13-6 

B 016 130 

C 0*21 13-5 

D 0*34 11-2 

steel, as will be obvious on referring to the three previous 
diagrams. The test pieces tested at 700® C. and over did 
not break and the gradual drop in impact value at higher 
temperature is due to the progressive softening of the steel. 
The impact value of the higher carbon steel commenced to 
fall at a lower temperature than in the other, but otherwise 
the curves for the two steels exhibit similar characteristics. 

Henshaw* obtained the values given in Fig. 215 on a 
series of valve steels. In this case, the test, pieces were 
broken in an Izod machine, a special gripping device being 
used which enabled the test pieces to be very quickly gripped 
and broken. The most noticeable feature here concerns the 
silico-chrome steel which exhibits a very great increase in 
toughness with rise in temperature. The values obtained 
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frcxm the austenitic steel are lower in the range 400'’/800® C. 

at*h%her or Iowct temperatures ; the curve for this 
steel is v^y similar to that of higher carbon steel in 
Fig* 214, although the latter steel is much the tougher of the 
two,* 

One other effect of prolonged exposure at high steam 
tempi^tures on the properties of steels requires attention. 



Fia. 214. Impact values of austenitic steels at high temperatures 

Nickel 


Curve 

A 

B 


Carbon 

o”a 

0'26 


Chromium 

% 

15-4 

15-5 


i6'5 

10-6 


These temperatures of 400°/450° C. — and possibly still higher 
in the not distant future— are in the range of temj^rature 
■which induces temper brittleness in many hig^ tensile alloy 
steels. 

Such steels may be heat treated to possess a tensile 
strength of 60 tons per square inch together with good 
* • 10 I' gm ip Fig. 214 corresponds a^iosanately to 72 ft. Jbs. in Fig. 218. 
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ductility and toughness, properties eminently desirable for 
example in certain types of bolts for u^e in plant dealing with 
highly superheated steam. But if exposure at 400“/450'’ C. 
is likely to reduce the impact value of the steel from 40/50 
ft. lbs. to a tenth of this value in the course of a few days, or 
maybe weeks, the steel is much less valuable. Many alloy 




Carbon 

Silicon 

Chromium 

Nickel 

Cuive 

% 

0/ 

Ai 

o/ 


A 

0*61 

0*34 

9*'rr8 


B 

0*64 

2*6 

8-2 


C 

0*46 

1-75 

12*67 

12*81 

D 

1*60 

0-42 

13*25 



1 imgsten Cobalt Molyl)tlenurn 


1-96 

21 

3-7 


0*72 


steels, for example, the ordinary nickel, nickel-chromium and 
chrome-vanadium steels used so largely in engineering work, 
are affected in this way, and it has been reported that even 
certain types of nickel-chrome-molybdenum steels, which 
appear from tests lasting a few hours to be free from temp^ 
brittleness, have been found to have their toughness greatly 
reduced by several months* exposure at 400°/450® €• Little 
data have been published regarding the behaviour of stainless 
steels in tiiis respect but the following results suggest that 
th^ 12/14 per cent, chromium steels have desirable properties. 




m 


HEAT RESISTING STEELS 

Hard^^ and tempered* bars of such steels were held at 
400°/4£^‘’ C. for 71 days ; tests before and aft^ this treaV 
ment are given below 


As Bent Treated. After 71 da.VB at 400*/450' C. 


Carbon 

% ' 

Chromiom 

1 % 

Bickel 

Brienll I Izod Impact Value. 
Hardness; 

No. Ft. Lbs. 

, BrlueU , 
Bardaeas 
! No. 

Izod Impatti Value. 

Ft. ibs. 

010 

18-9 

0-24 

149 ! 107, 112, 112 

149 

108, 114, 102 

0-81 

18-7 

0-75 

217 62, 69, 65 

207 

64, 71. 58 




MANUFACTURE, WORKING AND TREATMENT 
OF STAINLESS STEEL 




CHAPTER Vm 


MANUFACTURE, WORKING AND TREATMENT OP 
STAINLESS STEEL 

It is not intended to describe in detail the actual manu- 
facture of stainless steels, i.e., the melting operation, slag, 
conditions and such like details. These matters are not of 
direct interest to the user of the steels and are therefore 
unnecessary in a book intended mainly to guide him in the 
selection of the most suitable types of the steel for different 
purposes, to indicate the best manner of working or heat 
treating the steel when he has received it and to describe the 
properties, both chemical and physical, which he may expect 
to obtain from it. It may be of interest, however, if a brief 
outline be given of the salient features of the manufacture 
of the steel ; probably this will also help the user to under- 
stand certain peculiarities it possesses and also, incidentally, 
why its cost is relatively high. 

The high cost of all types of stainless steel, as compared 
wth ordinary carbon steels, is due very largely to the expense 
of producing suitable kinds of ferrochrome. The source of 
the chromium used in making the steel is the mineral chromite 
which consists largely of a mixture of the oxides of chromium 
and iron and may contain, after suitable calcination to drive 
off volatile matter, about 50 per cent, of the former oxide and 
16 per cent, of the latter, the balance consisting mainly of 
magnesia, silica and alumina. As this ore occurs fairly 
abundantly and is not very expensive, it may occasion some 
surprise tW the alloy made from it should be so costly, 
especially in view of the fact tliat the ore may be reduc^ 
quite easily by means of carbon, a very cheap reducing agent. 
Ferrochrome alloys can indeed be produced quite cheaply by 
this means but they are of no use for the manufacture of 
stainless steels owing to their very high carbon content, 
generally 6/10 per cent., although they are quite suitable 
.fur making . many kinds of ^lloy steels containing only 
small amoimts of chromium. 
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Two methods are available for producing the low carbon, 
high chromium alloy necessary for making stainless steel, 
namely : — 

(a) eliminating the carbon from the high carbon alloy 
already available ; or 

(fc) producing carbonless alloy at the outset by 
using some other reducing agent than carbon. 

As regards tlic first alternative, it is possible, by fusing the 
high carbon alloy in an electric funiace with suitable slags, 
consisting mainly of chromium oxide and a flux, to reduce the 
carbon contcMit to })elow 1 per cent., while other methods, 
e.g., Bcssemerising,* allow a figure of 01 per cent, to be 
reaclud. But all these processes either consume a con- 
siderable amount of electric i>ower or are wasteful of chromium 
or both and hence they increase considerably the cost of the 
original alloy. 

At least two other reducing agemts are available', alu- 
minium and silicon ; both, however, are considerably more 
exj)ensive than carbon; hence the alloys j>rodneed by their 
use cost much more than the high carbon product. During 
the last few years, howe ver, tlie cost of producing the low 
carbon alloy, hy ontj means or another, has been much 
reduced and it is to be hoped that furtlier investigation will 
lead to a still lessened cost of production in the future. 

If a mixture of dead soft steel (i.e., with carbon content 
0*1 per cent, or less) and carbon -free ferroehrome, in such 
proportions as to give a chromium content of about 1 1 per 
cent, in, the jnixture*, be melted in a coke or gas fired crucible 
furnace, using the clay crucible wliich is commonly employed 
in the steel industry, it is quite likely that the carbon content 
of the resulting ingot will be 0*3 per-cent, or more, instead 
of 0*1 per cent., or ratlier less as would be expected from the 
composition of the mixture charged. If, instead of the 
mixture* of mild steel and ferroehrome, a previously made 
stainless iron of like chromium content is melted in the same 
way, the carbon content of the melted material may be 
somewhat less than in the first ease but it is likely to be 
0-2 per cent, or thereabouts. These increases in carbon 
content are due to tlic avidity wnth which metallic chromium, 
or its alloys with iron, absorb carbon from any carbonaceous 
matter with which they may .come in contact while heated to 
♦ British Patent. Xo. 1S5,187. (10th November, 1919.) 
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high teigaperatures. Thus the molten stainless iron absorbs 
carbon from the crucible itself (tlw, clay crucibles used in 
steel manufacture are made from ela\' to whicli a small 
amount of coke dust has been added) and also from the oxides 
of carbon in the furnace gases, these oxides being rcdticihle 
by the chromium. The higher carbon contc'ut of tlie material 
melted from the -jnixture of mild steel and ferroehronie is 
probably due to the greater reactive power of the latt(‘r alloy, 
as compared with stainless iron, in decom])osing the furnace 
gases (with concurrent absorption of carbon) at tempera- 
tures below melting point. 

Partly on account of this carbon absor})tion and partly 
on account of cost — the crucible process is the niost expensive 
commercial metliod of making steel -the basic lined electric 
furnace is generally us(id for the production of stainless steel. 
It may be suggested, of course, that it would b(‘ still chciiper 
to employ the open hearth furnace. Tlie use of tliis type of 
furnace, however, ])resents great dillienlties, mainly owing to 
the risk of seriously chilling the moltf'ii bath, (hie to 1 he large 
amount of ferrochrome which has to be added to bring the 
chromium content of the bath to the recpiired iigure. 

The procedure, when making stainless st(‘(*l in an electric 
furnace, depends to some extent on the charge. If the 
requisite chromium eontint of tlu* st(‘el is to be obtaiiu'd 
entirely by the addition of suitable ferrochrome, ordinary 
steel scrap is hrst melted in the furnace and, if necessary, its 
carbon content reduced to a low figure by means of an 
oxidising slag. The ]att(T is then replaced l)y a non- 
oxidising lime slag and the ferroehronie, and any other 
necessary alloys, added. Afterwards, the utmost preeau- 
tions have to be taken to avoid contamination of the bath 
wdth carbonaceous matter, which is greedily absorbed by the 
molten metal. If, however, stainless steel serap forms a 
considerable part of the charge, the procedure is somewhat 
different.- If attempts w^ere nuide to reduce I he carbon 
content of the molten mixt\irc by means of an oxidising slag 
(for example, in an attempt to produce* stainless iron from a 
charge of higher carbon stainless steel), it wx>uld be found 
that chromium was oxidised in preference to carbon ; the 
chromium oxide so produced would form a bulky dry slag, 
almost impossible to deal witlj in the furnace. Generally, 
therefore, wdien stainless steel scrap is rcmelted, no attempt 
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is made to reduce its carbon content ; a lime slag is used and 
oxidation of the chromium avoided as far as possible. One 
may note from this, the advisability of grading stainless steel 
scrap according to carbon content, or the value of low carbon 
stainless iron for remelting purposes is likely to be lost. 

The type of ferrochrome needed to bring the chromium 
content of the bath to the required percentage will obviously 
depend on the carbon content required in the finished 
material, and also on the actual carbon and chromium 
content of the bath previous to the addition of the alloy. 
For the very low carbon stainless iron, only the practically 
carbonless alloy is of any use, but the somewhat cheaper 
grade of ferrochrome containing 0-5/l*() per cent, carbon is 
generally suitable for the higher carbon steels, e.g., the 
cutlery quality containing about 0*6 per cent, carbon. 

Owing to the high cost of the low carbon ferrochrome, 
and especially of the })ractically carbonless variety requirt^d 
for the production of stainless iron and other low car])on 
alloys, numerous attempts have been made to introd\ice the 
necessary chromium into the material at a less cost. One of 
the obvious nu'thods is to use chromite directly in the steel- 
making furnace and by effecting its reduction there, elim- 
inate part, at least, of the cost of tlie separate manufacture 
of ferrochrome. The a(*tual reduction of tlie chromium in the 
steelmaking furnace, e.g. by means of aluminium or ferro- 
silieon, is feasible but the process presents a number of 
difficulties. 

The use of aluminium as a reducing agent is familiar to 
most people in the TluTiuit ” process, used for example for 
welding tramway rails together on the track. A finely 
divided mixture of iron oxide and aliuninium is ignited by a 
fuse which heats the mixture locally to a high temperature 
The reaction thus started is strongly (exothermic and spreads 
rapidly through the whole of the mixture ; so much heat is 
evolved that the reduced iron is completely fluid and, flowing 
into the mould prepared to receive it, effectively welds the 
two juxtaposed ends of the tramway rails. If the oxide of 
iron be replaced with chromium oxide, a similar reaction is 
produced but it does not start, so easily and wdien once 
started evolves much less heat. The expense of preparing 
a reasonably pure oxide of chromium from chromite would 
however be rather great and if attempts are made to use the 
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inipurc,orc in the same the reaction is still more slu^rgitjh 
owing to the rather large amount of inert oxides (alumina and 
magnesia) present in the ore. These oxides, tiumgh not 
partaking in the reaction, require to be heated up along 
with the reacting bodies and their products. So sluggish 
indeed is the reaction in this ease that, if started locally by a 
fuse, it will not propagate itself through a mixture of the 
ore and aluminium ; the whole mixture must be pre-heated 
in a furnace. If this is done, however, the ore is sueei^ssfully 
reduced ; thus a practically carbon-free fcrrochrome may be 
produced in this manner. The redaction also takes place 
successfully if the mixture of aluminium and ore bo added to 
the steelmaking furnace. Aluminium, however, is decidedly 
expensive and it also has the disadvantage that it reduces 
any silica contained in the ore. 

Silicon itself, in the form of ferrosiIi(*on, is a elu‘aper 
reducing ag(‘nt. Its action is still more sluggish than that 
of aluminium so that the mixture of ore* and nducir needs 
to be heat(‘d, e,g,, in an electric furna<‘e, to a high ttmpera- 
ture before tlu* two will iva(‘t. It is quite jx^ssible, how(‘V(T, 
to produce a low carbon fcrrochrome in this Avay and pat(‘uts 
eov('riug such a })roeess were t.akcui out in th(' United States 
of America by K. F. Price and by F. M. Jh'cket in 191)7. In 
1910, one of the author’s colleagms, Mr. F. A. Mc^lmoth, 
successfully produced material containing 0-13 per cent, 
carbon and 12'3 per cent, chromium in a 20 cwl. electric 
furnace, the chromium being snp]>lied entirely by the 
reduction of chromite })y ferrosilieoii in the* furna(*e. 

The process, tlioiigh possible, proved to be by no means 
free from dilliculties. C’lironiitc is naturally not as free from 
impurities as the purified alloy inanufacturcd from it and 
hence is more likely than the latter to cause trouble; by the 
introeJiietion of these impurities into the }>ath or slag. In 
addition, a rather voluminous slag is preKlueed and this 
lowers distinctly the output of the furnace and hence 
increases melting costs. x\gain, th<' reaction has to be care- 
fully controlled otherwise an excess of the reducing ag<;nt 
may be absorbed by the molten metal and this, whether it 
be silicon or aluminium, will have an effect on the mechanical 
properties of the finished product which is very undesirable 
for most of its possible engineering uses. In addition to 
this, there is much more likelihood of variations in the 
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composition of the finished steel when the chromium is 
introduced by this method than when it is added in the form 
of a definite weight of alloy of known composition. 

The difficulties of the prrocess are perhaps well illus- 
trated by the numerous patents which have been obtained 
in connection with it, all of them claiming some special 
method of causing the reaction to occur ojr of controlling its 
course. It is not intended to give a resumd of all these 
attempts, many of which do not appear to have had much 
success ; it may be interesting, however, to refer to that 
modification of the process devised by Messrs. Hamilton and 
Evans* which seems to have achieved greater success than 
the others. The essential idea of this process is that the 
reaction occurs wholly in the slag, a layer of which is specially 
built up for the purpose. The function of this slag is to heat 
rapidly the mixture of ore and ferrosilieon which is fed into it, 
in order that tlic latter may be raised quickly to the tempera- 
ture at which the reaction will commence. Hence there must 
be a sufficient bulk of slag and it must be very hot and fluid. 
The reaction mixture must not be fed into the furnace too 
quickly or it may chill the latter to such an extent as to 
prevent the reaction taking place. If, as is generally the 
case, ferrosilieon is the reducing agent, it is found that the 
reaction is favoured by the presence of sufficient lime in the 
slag to combine with the silica which is formed. Hence it is 
desirable that the special slag be as basic as possible, a 
condition which necessitates the process being performed in 
a basic lined furnace. 

With the ])roccss under proper control, stainless irons 
containing about 12 per cent, chromium may be produced 
with considerable regularity as is evident from the analysis 
of a dozen casts made during the course of a “ run ” in a 
8j-ton electric furnace and given in Table CXXXIV.f The 
production of higher chromium irons appears to involve 
difficulties which have not yet been completely surmounted. 
It is feasible however, to produce in the furnace by this 
method a molten metal containing 12/14 per cent, chromium 
and then to raise this chromium content to a still higher 
figure by the addition of a suitable amount of fcrrochrome. 

* British Patents Nos. 174,271 ; 19S,323 ; 211,210 ; 213,737 and 262,206, 

t The author is indebted to his' colleague, Mr. F, D. Gordon for those 
analyses. 
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, T/ble CXXXIV. 

Arudyses of Stainless Irons made by the Hamilton-Evans 
Proci^ss. 


Heat 

No. 

Carbon 

% 

Silicon 

% 

1 

009 

‘ 0*40 

2 

0*085 

0*34 

8 

0*095 

0*31 

4 

0*10 

0*33 

5 

0*09 

0*47 

6 

0*085 

0*47 

7 

0*10 

0*51 

8 ! 

0*085 

! 0*42 

0 

0*085 

0*37 

10 

0 09 

: 0*35 

11 

010 

i 0*38 

12 

0*09 

i 0*42 

i 


Manganese 

% 

Chronituiu | 

% ! 

Nickel 

% 

0*30 

12*0 j 

0*28 

0*32 

11*5 [ 

0*20 

0*28 

1 1 *8 

0*25 

0*27 

12*1 i 

0*26 

0*30 

11*7 1 

0*23 

0*32 

12*0 ] 

0*22 

0*81 

12*7 j 

0*20 

0*31 

12*0 i 

0*22 

0*30 

11*9 ‘ 

0*20 

0*30 

11*7 ; 

0*24 

0*25 

j 12*5 

0*25 

0*29 


0*23 


What appears to be a modification of the Hamilton- 
Evans process, designed to limit the silicon content of the 
steel by regulation of the additions of ore and ferrosilicon, 
has been patented by R. and H. Wild.* In this process, ore 
is added in considerable excess of the theoretically calculated 
quantities. It is claimed that by this means, the silicon 
content of the steel is restricted to below 0*5 per cent. Against 
such an advantage must be placed the loss of chromium 
consequent upon the unreduced excess of chrome ore remain- 
ing in the slag. 

The Hamilton-Evans process is generally worked in an 
electric furnace, probably because a sufficient excess of heat 
to carry the reaction through can easily be obtained in this 
furnace. Recently, however, it is stated that the process 
has been applied with considerable success to the open hearth 
furnace. Should such a modification prove to be a com- 
mercial possibility, it would very likely herald a notable 
reduction in the cost of stainless stc^els, a thing greatly to be 
desired because there is little doubt that one of the great 
handicaps to the more general use of these steels is their 
greater initial cost as compared with that of ordinary steel. 
The primary cost of an article is the one most frequently 
, considered and although it has been found in practice that 

• British Patent No. (June 2lBt, 1922.) 
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for many purposes the relative cost 'of stainless steel,, that is, 
its cost in terms of service and working life, is considerably 
less than that of ordinary steel, this point of view is often not 
sufficiently appreciated by potential users. A lessened cost 
of production is therefore to be desired. If, as a result of 
the adoption of direct reduction processes, the cost of manu- 
facture of stainless steel is greatly cheapeKcd, there is little 
doubt its application will increase rapidly. 

The recent introduction of the high frequency induction 
furnace seems likely to solve the problem of the melting of 
small charges (e.g., five cwts. or so) of low carbon stainless 
alloys. It is possible in these furnaces to melt low carbon 
material without any appreciable absorption of carbon or loss 
of chromium and their commercial value in this respect has 
already been demonstrated. The high capital cost of 
the furnace has undoubtedly delayed its adoption for 
steel melting purposes, but a number of furnaces of 500/600 
pounds capacity are already in operation in this country 
while on the Continent larger furnaces, holding one ton or so, 
have been installed. 

Whatever method is employed for making stainless 
steels, and irrespective of the type of this steel which is being 
made, it is of the utmost importance that the bath and slag 
are in good condition before the metal is tapped from the 
furnace. The use of steel which is not perfectly killed leads 
to the production of ingots containing blowholes, with their 
accompanying spot segregates. This condition, as well as 
the presence in the steel of an abnormal amount of slag, is 
imdesirable in any high quality material ; but it is especially 
so in the case of corrosion resistant steel because the presence 
of heterogeneity lessens resistance to corrosion, a matter of 
much greater moment in these steels than in the ordinary 
variety. Articles manufactured from unsound or “ dirty ” 
ingots of stainless steel are more liable to pit in use than those 
made of sound, clean steel otherwise similar in composition. 

The tapping of stainless steel from the furnace into the 
ladle and the teeming of the metal into the ingot moulds do 
not differ in any essential respect from the corresponding 
practices with ordinary steel. Owing, however, to the 
greater cost of the stainless material and to the trouble caused 
in later operations in manufacture and also after the materia} 
is put into use, by surface defects or by internal unsoundness, 
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it is of the greatest importance that every care and precaution 
be taken to ensure the ingots being as free as possible from 
avoidable defects. Tlie extra expense caused by such detfiils 
as -the use of properly designed ingot moulds with feeder 
heads, so as to eliminate piping from the body of the ingot, 
and the careful inspection of moulds to sec that their surfaces 
are in good condition, is negligible compared with the saving 
obtained by their use. In the same way tlie superior ingot 
surface obtainable in general by “ bottom casting ” makes it 
worth while to use this method providing, of course, precau- 
tions are taken to see that inclusions of ganister, (irebriek, or 
other extraneous matter are not introduced through careless- 
ness. 

For the same reason, ingots of stainless steek which are 
intended for the production of bars or forgings on which little 
or no machining will subsequently be done, arc almost 
invariably forged or rolled into blooms, the surfaces of whieli 
are examined most carefully for defects ; these, if found, are 
removed by machining. Tlie extra cost involved in such 
examination and maehinitigis worth wliile both from the point 
of view of the steelmaker who wishes to supply a perfect 
product and also of tlie user who is thereby much less likely 
to have def(‘etive or unsatisfactory articlcjs on his hands. 

With the exception of the austenitic steels and the 
lowest carbon varieties of the plain chromium steels, 
stainless steels air liardeii intensively on cooling from high 
temperatures. Care must therefore be taken with the 
cooling of tlie lK>t ingots, otJicrwisc serious cracks may form 
as a result of too rapid or uneven cooling. In addition to 
this, if the material becomes hard when cold it is then rnucii 
more susceptible to cracking during after treatment. Cracks 
arc produced much more easily in hard than in soft steel by 
rough handling or grinding. The latter, if done rashly, 
causes local heating and the expansion due to such heating 
may easily set up sufficient stress in the neighbourhood 
of the heated area to cause cracks to form in hard non-ductile 
material. Similarly, surface defects are much more dangerous 
as starting points of cracks when they occur in hardened steel. 
Finally, when the ingots have to be reheated for forging or 
rolling operations, much more care is required to prevent 
.cracking occurring if they are^in the hardened condition. 

The most certain way of avoiding or, at least, greatly 
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minimising these troubles is to take care that the material is 
never allowed to become hard either in the ingot form or 
between the various operations of reheating and forging or 
rolling. As this point is of the utmost importance in the 
manufacture of those types of stainless steel which are capable 
of air hardening, it is necessary to emphasise it thoroughly, 
and no excuse is required for going into some detail with 
regard to the methods of preventing the trouble. 

Forging and Rolling. 

It will have been realised that the term “ stainless steel” 
covers a large range of materials having widely different 
properties. From the point of view of forging or rolling 
operations, and particularly with regard to air hardening 
characteristics, the various steels may conveniently be 
divided into four groups, as follows : — 

(1) Steels which harden intensively on air cooling 
from forging heats. This group embraces the chromium 
steels of the “ cutlery ” type containing up to about 15 
per cent, chromium and more than about 0*10 per cent, 
carbon. It also includes those steels of higher chromium 
content (e.g., lC/20 per cent.) which possess sufficient 
hardening capacity, due either to fairly high carbon 
content or to the presence, in sufficient amounts, of other 
alloying metals, e.g., nickel. 

(2) Low carbon chromium steels of the “ stainless 
iron ” type. These harden to some extent when air 
cooled from forging heats but generally to a Brinell hard- 
ness number not exceeding 300/350. There is no sharp 
line of division betw^een this group and the preceding 
one, the two forming a continuous series. 

(3) The austenitic chromium-nickel steels of the 
Anka-Staybrite-V.2.A ” type. 

(4) The complex alloys and those of high nickel 
content ; these are generally austenitic and include many 
of the heat resisting alloys. 

In most cases, when dealing with these steels, forging 
or rolling operations are conducted on material which has 
been reheated to some temperature between 1,000® and 
1,200®C. If steels in group (1) are allowed to cool freely in. 
the WT after the forging or rolling operations are completed. 
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they will harden intensively. Those of group (2) will harden 
to a less extent depending on their composition. Steels in 
groups (3) and (4) will not harden at all under tlie same 
conditions. Bearing in mind what was stated in tiie three 
preceding paragraphs, it will be convenient, before dealing with 
the actual forging or rolling operations, to consider first the 
precautions to be^adopted with steels of group (1) in order to 
prevent cracking, due to hardening. These precautions will 
apply also, to a modified extent, to the irons of group (2) but 
are not necessary or even desirable with the austenitic steels 
of groups (3) and (4). 

When the material is allowed to cool after forging or roll- 
ing, this should be done in such a way that the air hardening 
tendency is, if possible, completely suppressed. Tlte material 
when cold, is then in the pearlitic or annealed condition. For 
this purpose the hot burs, blooms, billets, or whatever form 
the material is in, may be allowed to cool slowly in some form 
of furnace or firebrick-lined pit. In ordinary stainless steel 
of the straight chromium type, the carbon change point 
generally occurs in the range 600'^/750° C. on slow cooling. 
The material should therefore be allowed to cool slowly over 
this range of temperature. The rate of cooling down to 
750'^C. is immaterial, but from 750^^0. to 000“’ C. the rate of 
cooling should mjt be faster than 50” an hour at the most. 
If the cooling through this range has been done efficiently, 
the material may then be safely cooled either quickly or 
slowly and will be soft. 

If the content of nickel in a hardejiable steel is fairly 
high, e.g., more than about 1*5 or 2 0 per cent., the change 
from austenite to pearlite at Ar.l may take place so sluggishly 
as to require the steel to be kept for 24 hours or more at the 
requisite temperature, tlius making the commercial annealing 
of such material in the manner suggested above, well nigh 
impracticable. It is advisable, however, after forging or 
rolling such stet'Js, to cool them slowly down to atmospheric 
temperature in order to minimise the dangers of cracking. It 
cannot be too strongly emphasised that when steel hardens 
either at rapid or slow rates of cooling, it undergoes a 
structural change in the neighbourhood of 200”/400® C., 
which is accompanied by a considerable expansion of the 
^ metal. For example, Fig. J16 represents the change in 
length of a bar, 4 inches long, of a strongly air hardening 
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stainless steel during cooling from 1,X)00® C. Down tp about 
BOO® C, the material contracts in a perfectly regular manner. 
Between 280® C. and 140® C., the structural change pro- 
ducing hardening takes place and is accompanied by a 



Fni. 2](>. eiiarifif in length of bar, 4 m. long, of air-luiidoning stwrl 
on cooling from J,(l(K)'’ (\, showing expansion at lowoied change point. 

0'2,‘J per (flit, carbon ; 17*5 j-cr cent, chioniiuin ; 2’42 jicr cent, nickel. 

notable expansion, amounting to about 0*1 per cent, of the 
length of the sample. If the length which the bar would 
have attained at 140° C., had it continued to contract down 
to that temperature at the rate it possessed above 300® C. be 
taken into account, however, the effective expansion is about 
three or four times the value given above. At a temperature 
of 140® C., hardened steel is almost as rigid as at atmospheric 
temperature ; it will not distort appreciably under stress and 
if attempts are made to cause it to distort, it will very 
probably crack. If a bar or forging of such steel as is repre- 
sented in Fig. 216 cools dowm slowly and uniformly after 
forging or rolling, all parts of it will have the chance of 
passing through the hardening range at approximately the 
same time and hence, as the^ different parts of the article 
expand or contract together, the likelihood of internal 
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stresses ]^emg set up in it is at a niinimuin. On tlxe other 
hand, should the forgii\g be allowed to cool down more or 
less rapidly on the shop floor, it is certain that the outer 
layers will have passed through the hardening change and 
will have become relatively rigid by the time the inner parts 
reach this change and commence to expand. The result is 
the development cf considerable tension in the outer layers 
and compression in the inner parts, a condition very apt to 
lead to the formation of cracks. Temperature differences 
during cooling arc accentuated if the forging is of uneven 
section ; the danger of cracking is correspondingly increased. 

It nuiy be asked wdiy so mueii emphasis is laid on the 
dangers of cracking during air cooling from forging heats 
when the same type of material is regularly airdiardcned 
from temperatures of 950"^ C. or so during heat treatment 
operations. If the steel may be safldy air-liardened as a part 
of its heat treatment, why may it not be air-cooled aftcT 
forging or rolling with equal safety ? The answ'cr is that the 
likelihood of cracking in the two cases is simply a question 
of degree ; cracks arc not unknown in heat treatment opera- 
tions, as many know to th(‘ir cost, but there arc several 
weighty reasons why they arc less likely to occur in such 
operations than during cooling from forging or roiling heats. 
Thus, during the heat treatment of an article, care is taken 
to ensure that it is heated as evenly as possible before it is 
drawn from the furnace to cool in the air and, during cooling, 
the experienced operator will sec that it is shielded from 
draughts, so that unnecessary tempiTaiure inequalities are 
avoided as far as possible. On the other hand, the tempera- 
ture of a forged or rolled article, immediately after these 
operations are completed, is likely to be far from even, due 
among other things, to the cooling effect of contact with the 
hammer faces or the rolls ; and unless the forge or mill is 
specially laid out for the purpose, there is not the same 
opportunity, as in a heat trealment shop, for allowing the 
hot forging or bar to cool undisturbed by air currents. Both 
these conditions increase the temperature gradients of the 
forged or rolled article as compared with that heat treated, and 
thus increase the risk of cracking in the former. Again, the 
structure of a heat treated article is, or should be, in its best 
possible condition ; that of the forging on the other hand is 
likely to be coarser and hence not so strong mechanically ; 
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and every smith knows that a tool bverheated during harden- 
ing is more fragile than one properly treated. Finally, most 
articles made of air-hardening steels are machined, to remove 
all surface defects, during the progress of their manufacture 
and hence, when they reach the heat treatment stage, possess 
a sound skin, free from seams, laps and roaks ; a condition 
of affairs seldom obtained in a forging before it has had this 
necessary machining. Small surface defects are very prone 
to act as the starting points of cracks, because they act as 
so many sharp notches and intensify locally the stresses set 
up as a result of cooling. In view of all these adverse con- 
ditions, it is not surprising that forgings or rolled bars are 
much more liable to crack if they are allowed to cool in the air 
after forging or rolling is complete than are articles of the 
same steel during air hardening operations in the course of 
normal heat treatment processes. Tlie whole matter is, how- 
ever, one of degree and it is possible, if attention be given 
to the points mentioned above, to combine the final forging 
or rolling of a small article with its first heat treatment opera- 
tion ; that is, to air cool such an article after forging or rolling 
and subsequently merely to temper it in order to obtain 
required physical properties. 

Although the method of cooling in a firebrick-lined pit 
may be satisfactory when the material is in the form of very 
large pieces which retain their heat for hours, it is an 
unsatisfactory method for small billets, bars or forgings which 
cool more quickly. A far better method for such small-sized 
material is to charge the hot forgings or bars into a furnace 
which is kept in the range of temperature in which the 
carbon change occurs on slow cooling and hold them in this 
range for a sufficient length of time for the change to take 
place. After this has occurred, the material can be air- 
cooled or even quenched in water and will still be quite soft. 

In practice, it is better to adopt 600^/700° C. for the 
furnace temperature, because most samples of Jiardenable 
stainless steel contain small amounts of nickel, and this 
element lowers the maximum temperature at which the 
change point can occur. It is obviously no use holding 
the steel at a temperature above the highest at which the 
carbon change can possibly take place whereas the use of a 
temperature 50° or 100° C. below this highest value is 
perfectly successful. 
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Excqpt in the case ef the hardenable stainless steels 
containing relatively largp amounts of nickel (e.g. steels of the 
“ Twoscore ” type) for which this method is not so suitable, 
and for obvious reasons, soaking for about an hour in this 
range of temperature is generally sufficient to cause the 
carbon change to take place completely ; it is advisable, 
however, to have some means of knowing when the red hot 
material has actually changed from austenite to pcarlitc. 
For this purpose, one may make use of the fact that the steel 
becomes magnetic when this transformation takes place. 
The steel should be tested witli a small permanent magnet and 
should be allowed to stay in the furnace until it is distinctly 
magnetic while it is red hot. It is, of course, no use applying 
the magnet test after the steel has gone cold, as it is then 
magnetic whether hard or soft. 

It should be noted that the magnet test mentioned 
above, while perfectly satisfactory for stainless steel, is not 
a reliable criterion of the annealing of the low carbon material, 
stainless iron. Separation of free ferrite occurs in this 
material during slow cooling, at a tertipcrature above that of 
the carbon change point, in a similar manner to the separation 
of free ferrite in ordinary mild steels. The free ferrite which 
has thus separated out undergoes the Ar, 2 magnetic change 
at a t(‘mperature of about (>50'^/680'^ C., and hence will be 
decidedly magnetic immediately after this change has 
occurred, although the rest of the structure (which contains 
the carbon) is still in the form of non-magnetic austenite 
and tlierefore capable of forming either martensite or pearlite, 
depending on the subsequent rate of cooling. Such mild 
material, however, has only a moderate hardness after air 
cooling (generally of the order of 230/320 Brincll) and hence 
is much less susceptible to cracking and other defects liable 
to be produced in material which air hardens intensively. 

This method of annealing hardenable stainless steels by 
holding them in the range 600'"/700'' C. has proved of great 
value in their manufacture and working, especially when in 
the form of small articles. During the production of small drop 
stampings, for example, the hot stampings should be charged, 
as soon as the stamping operation is completed, into a 
furnace kept at 600® to 700® C,, and allowed to soak, after 
which they may be air cooled with perfect safety. It is of no 
consequence if the stampings *are actually below 600® C, 
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when they are charged, providing they are not lower than 
about 350° C., except that the process will take longer owing 
to the time taken to reheat them to the necessary range of 
temperature. If the temperature is below about 350° C„ the 
lowered carbon change point, resulting in the production of 
hardened material, may have taken place partially or com- 
pletely, with the consequent liability for*' cracking to occur. 
For material cooled to such a temperature, reheating to 
600°/700° C., followed by soaking at that temperature 
would result, of course, in tempering the hardened steel. 

As troubles due to cracking become evident when the 
material becomes cold, obviously one way out of the dilhculty 
is to prevent the articles cooling down V)etween successive 
stages in the working of the steel ; thus the material may be 
charged back into tlie reheating furnace immediately one 
stage of tlve forging operation is completed (for reheating for 
the next operation) wliilst the bloom, billet, or wdiatever 
form the material is in, is still red hot. As a preventative of 
cracking, this method, when properly carried out, is 
satisfactory. It has the disadvantage, however, that there 
is no opportunity (as the material does not become cold 
between these successive operations) for examination and 
removal of defects, c.g., by chipping or machining, between 
the forging operations. 

This method is of value, ho^vever, in dealing with ingots 
when conditions will allow it to be applied. Owing to 
structural characteristics, stainless steel, like other steels, 
will probably crack more easily in the ingot form than after 
being worked, so that, if the rolling or forging procedure 
will allow it, it is an obvious advantage to keep an ingot hot 
until it has been forged or rolled (and .therefore not give it any 
chance of cracking) rather than to cool it even under conditions 
which wwild soften it perfectly. It is well to remember that 
even when fully annealed, cold ingots of hardenable stainless 
steels should be treated with as much care as an ingot of, for 
example, file steel. 

As stated earlier, all these precautions relate to the 
hardenable forms of stainless steel. They are not necessary 
when dealing with the austenitic varieties or with the high 
chromium stainless irons wdiich do not air harden appreciably. 

The forging and rolling of steels of groups (1), (2) and (3) 
is.carried out in much the same way as that of ordinary steel 
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except tltat they need moJe care than the latter. Generally 
speaking they arc mor^e “ tender ” than ordinary steels, 
especially during the early stages of the working of ingots. 
Thus, ingots 12 or 14 inches square may sometimes be rolled 
down to billets in the same w'ay as ordinary steels, but often 
it is preferable to cog the ingot, under tln^ hammer or press, 
as by so doing therois less risk of cracking or tearing it. After 
this preliminary cogging, the blooms may generally be rolled 
or forged in much the same way as ordinary steels though, 
owing to their greater hardness, they may admit of less 
reduction per pass or less work per lieat than mild si(‘el. Also 
they spread to a different extent ; henee it is often necessary 
that passes in rolls for producing small sections be arranged 
differently for stainless steels as compared with ‘ordinary 
steels. 

Stainless steels, as a class, are considerably hai'der than 
carbon steels ; thus stainless iron forges witli abo\it the same 
ease as ordinary steel containing 0*4 per cent, or so carbon ; 
forging becomes more difficult as the earboti content of the 
stainless steel increases so that tlie harder \'ari(‘ti(‘s of group 
(1), with carbon about 0*4 per cent, or over, are almost as 
difficult to forge as high speed steel. The diffcn’oncc between 
stainl(‘ss iron and the grade suitable for eutl(*rv (carbon about 
0*3 per cent., group 1) is ilJustraled by the fact that four to six 
times as much W(jrk may be done on the former material at 
one lieat as on tlie latter. Stainless iron may be hand forged 
quite t‘asily into small articles, even of complex shape such 
as spurs, but a power hammer is indispeusaide for larger 
articles or for those made of the harder varieties of group (1). 

The irons and steels of groups (1) and (2) may be forged 
quickly and by ra})id blows between temperatures of about 
1,200"' C. and OOO"" C. without danger of splitting. Below 
8507900° C., th(*y stiffen up considerably and if attempts are 
made to deform them forcibly by heavy blows, they will be 
unduly stressed and may crack. There is more latitude with 
regard to the softer irons ; thus the rolling of small sections 
of these materials may often be continued down to lower 
temperatures, e.g., 7007^00°* C., if necessary. 

The austenitic steels of group (8) are at least as hard at 
forging temperatures as those of group (1). They also may 
te forged or rolled between tenr^peratures of about 1,200° C., 
and 900° C. Below 900° C. they stiffen up very markedly 
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and forging or rolling below this temperature should«generally 
be avoided. Hot working operatio-ns become more difficult 
with steels of group (4) ; these more complex alloys, formed 
by adding other metals to the chromium-nickel steels of 
group (8) are in general more tender than the latter. They 
are prone to cracking and often need to be worked with great 
care. Many of these alloys, especially those of the heat 
resisting type possessing great strength at high temperatures, 
are much harder at forging or rolling heats than are the 
simpler steels of groups (1), (2) and (3); they would not 
serve their purpose if they were not. Hence they require 
lighter reductions in rolling operations than the simpler 
steels and more frequent reheating in order to carry out a 
given amount of hot working. Often they are only available 
commercially in the simpler worked shapes. For example, 
they may be rolled into round or rectangular bars but often 
the production of thin sheets or of special sections, such as 
those for turbine blading, is difficult if not impossible ; nor 
can they usually be pierced or rolled into seamless tubes. 

Stainless steels and irons of groups (1), (2) and (3) may 
be drop stamped between temperatures of 1,000"^ to 1,200° C. 
Whenever possible, it is better to use stainless iron or the 
milder types of the steel rather than the higher carbon 
grades, as the former flow^ more easily and hence cause less 
wear and tear of the dies. It is also advisable to do as much 
of tlu‘ work as possible in preliminary shaping dies. They 
may also be swaged without any unusual danger of causing 
the centre to split and may be upended, providing this process 
is not carried too far in one operation without reheating. 
Laps should be particularly avoided in hardenable steels, as 
cracks may start from them when, the stampings liarden 
subsequently on air cooling. The fash should be cleaned off 
stampings of these steels whilst they arc hot ; should they 
have been allowed to cool without this having been done, 
they should be reheated to a low red heat and the fasli then 
cleaned off. If these precautions are not carried out, cracks 
are very likely to form along the fash ; thus many table 
knives arc cracked on the heel and bolster because this effect 
of the fash is not realised. 

Finished stampings or forgings of the hardenable steels 
should not be thrown on tq damp floors or in places wheye 
considerable variations in cooling rate may occur. If the 
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forgings ,are of simple form, they may be cooled out of 
draughts and preferably, in a warm place. When cold, they 
will be more or less hard, depending on composition and may 
require annealing or tempering before any machining can be 
done on them. Forgings of intricate pattern, esyn^cially 
those made of the harder varieties of stainless steel, should 
preferably be charged after final forging, into a furnace at 
600°/700° C. and annealed as described on page 474. 

Although the forging or rolling of stainless iron and the 
hardenable stainless steels w’hich have been heated to ordinary 
forging temperatures (1,000° to 1,200° C.) should not as a rule 
be continued below 850°/900° C., owing to danger of cracking, 
it is practicable to work small sections from an initial tem- 
perature of about 750° C,, i.e., below the Ac.l change point. 
When thus heated, such stainless material flows without 
danger of cracking, but requires very heavy pressure so that 
probably few mills or forging applianc(‘S are powxTful enougli 
to deal wdth bars finishing greater than about a square inch 
in cross section. After being worked in this manner, the 
material may be air cooled without danger, because it will be 
soft when cold, due to the initial reheating t(‘mperature being 
below Ac.l. Bars so rolled or forged havt‘ a very fine surfac*(‘ ; 
this is particularly the case if the billet, from which the bar or 
article is to be rolled or forged, is pickled free from scale before 
it is reheated for the final rolling or forging operation. The 
subsequent heating to 750° C. or thereabouts produces only a 
very thin film of oxide on the surface and hence the final sur- 
face has only an exceedingly thin scale, easily removable by a 
very short pickling operation. The whole process is some- 
what in the nature of cold W'orking in that the crystals of the 
material are distinctly elongated in the worked Imr and the 
tensile strength of the lat ter is raised somewhat by the process. 
Moreover, bars rolled in this way have a very high impact 
value. In order that the operatioii may be successful, the 
temperature of the material must be carefully controllc<l, be- 
cause if the limits given above are exceeded the material may 
prove defective. For this reason the process is likely to be 
of greater value to the steelmaker who wishes to produce 
small bars or strip or sheet, and has every facility for 
controlling temperatures and the necessary technical staff 
for supervising the process, rather thaxi to the general user of 
stainless material. When the necessary control is available, 
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however, the process is exceedingly useful. For, example, 
the heading of small bolts could be carried out by this means 
and if the bar stock had been previously hardened and 
tempered to give the required tonnage, no further . heat 
treatment operation would be necessary on the headed bolt. 
Although the method of low temperature rolling may be 
used with all grades of non-austenitic stainless material, it is 
particularly applicable to stainless iron owing to the greater 
softness of this grade at the rolling temperature. In addition, 
when the iron has a high chromium content, e.g., 14 or 16 per 
cent., the rolling temperature may be increased to 800° C. with 
safety because in such material the Ac.l change occurs at 
a higher temperature than in the ordinary types of stainless 
steel. It may be added that for all such low temperature 
rolling or forging operations, perfectly sound material is 
necessary. For example, bars rolled in this way from billets 
prepared from piped or blown ingots are very liable to 
split longitudinally during the rolling operation. Those who 
wish to use the process at all should take care, tlierefore, that 
they obtain perfectly sound material such as can only be 
ensured by skill and care in the melting and casting operations 
as well as in the subsequent rolling or forging of the ingot. 

It is not generally advisable to roll the austenitic 
chromium-nickel steels under these conditions. They are 
much more rigid at such temperatures than arc the harden- 
able steels and therefore more difficult to work. Also, they 
are not so ductile in the range 600°/900° C. as at higher tem- 
peratures owing to the separation of carbide films round the 
grains: The loss in ductility is greater, the higher the carbon 
content, as is evident from Fig. 217 ; it also seems to occur 
more readily with a liigher chromium content (e.g. 20 per 
cent.) than with a lower (e.g, 15 per cent.) If such a process 
should be used, however, for any of these austenitic steels, 
the material must be heated, after forging, to a temperature 
of 1,000°/1,200° C., depending on composition, and rapidly 
cooled, otherwise its resistance to corrosion is seriously 
diminished ; sec pages 276 et seq. 

It may be convenient at this point to refer to riveting 
operations and other processes used by boilermakers in the 
construction of plant. Rivets of stainless material are 
generally of two types, stainless iron or the softer austenitic 
clgromium-nickel alloys of the “ V.2.A.” class ; as a rule, they 




UFACTURE, WORKING AND TREATMENT 481 


should made of the same type of material as the plates for 
which tliey are to be used, in order to avoid electrochemical 
effects.* Ordinary mild steel rivets are particularly fool- 
proof ’’ ; when being driven, they nmy be heated up to 



I'lii. ’ 217 . (lianpi* of elongation with U'm|K‘raturo in tensile tests at high 
temperatures on austenitic steels. (Strauss.) 

Carbon CUiroiniuni Nirkel 

(Hir\e % % 

A 0 17 20 7 

B 0*45 19 0 

temperatures of 1,300^ C., or even higher, and providing the 
stei;l is not actually burnt and the rivet is properly closed, the 
engineering i)rofessiou considers the operation satisfactory. 
As a result, the heating of rivets is probably the least skilled 
job in a boiler shop ; often it is carried out by the youngest 
boy in the place. Riveting operations with rivets of one or 
other type of stainless steel, however, demand more care ; 
perfectly satisfactory rivets may be driven using material 
of either the stainless iron or the austenitic groups, but 
certaijt details must be attended to or the resulting rivet may 
either be wes^k mechanically or have its resistance to cor- 
rosion impaired. 

The rate of cooling of the hot rivet, when driven, is 

♦ More freedom is pos.sible where nitric acid is concerned ; both laboratoiY 
oxiKjriments and plant teste indicate that electrochemical effects are notproduced, 
for example, between 16/18 per cent, chromium irons, and the austemtic steels 
of the “ V.2.A.” type of similar chromium content when they are in contact with 
this acid. It would be possible, forexampl#, to use rivets of the latter steels with 
plates of the high chromium irons in nitric acid plant. 

HH 
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relatively fast — distinctly faster than that of the sstme rivet 
cooled freely in the air — owing to the cooling action of the 
plates into which it is driven. Hence if rivets of stainless 
iron, containing up to about 14 per cent, chromium, are 
heated, for driving, to temperatures above 800° C., they will 
harden appreciably on cooling and be more or less brittle. 
Irons with a higher chromium content, e.g*. 16 or 18 per cent, 
do not harden to the same extent as those with less than 
14 per cent., but they are noticeably more brittle when 
quickly cooled from temperatures which would harden a 
lower chromium iron than from 800° C. or lower. Hence, 
rivets of stainless iron of any description should not, as a 
general rule, be heated to temperatures above 800° C., when 
they arc being driven, or the heads arc liable to fly off when 
they are stressed, e.g., during heavy caulking operations. 
If, on the other hand, the rivets are heated to a temperature 
not exceeding 750°/800° C., that is below the Ac.l point, 
they will not harden on cooling, no matter how fast the rate. 
Hence rivets of the lower chromium irons, when treated in 
this way, retain their usual great toughness while those of 
high chromium content are less brittle than they would be if 
cooled from higher temperatures. 

The driving of stainless iron rivets from a temperature of 
750°/800° C. presents no trouble when a hydraulic riveter is 
employed, but may cause some difficulty if small pneumatic 
hammers are used or if the rivets are hand driven. In these 
cases, if a higher temperature is essential to enable the rivet 
to be closed properly, a little more latitude in this direction 
may be obtained by carefully selecting tough material which 
does not harden greatly when air cooled from temperatures 
up to 900° C. or 950° C. The most promising type of com- 
position appears to be about 14 per cent, chromium with 
carbon as low as possible ; also, the nickel content should not 
be unduly high. Such material does not harden nearly so 
much, under the conditions mentioned, as iron of lower 
chromium content ; at the same time, like, the latter, it 
possesses a great degree of toughness, a quality which is 
generally lost when the chromium content reaches about 
15 per cent. An exception to this is found, however, in the 
special high chromium iron, “ Brearley K brand, manu- 
factured by Messrs. Brown, Bayley's Steel Works Ltd. 
* Rivets of this material, containing 16/18 per cent, chromium. 
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may b^driven at temperatures of 900°/950°C. and still 
possess a reasonable amount of touglincss. 

The necessity for using a low tempemture docs not arise 
—when rivets of the austenitic chroYnium-nickel steels are 
emplbyed. . On the contrary, such rivets must not be driven 
at 750°/800'^ C. ^r their resistance to the eoiTosive at tack of 
many chemicals ft likely to be seriously re<luccd. Also, 
rivets of such steels must not be heated locally ; the whole 
rivet should be heated to 1,100®/!, 200® C. and then driven as 
quickly as possible. If only the end of the rivet is heated to 
these temperatures, some part of shank will obviously reach 
a temperature of 500®/900® C., i.e. that range of temperature 
which causes precipitation of carbide round the grains of the 
austenite, leading to the intergranular disintegration of 
the steel if it be exposed to the attack of many chemicals, 
as described on pages 276 et scq. Such a condition might 
easily be fatal to the life of rivets used, for example, in the 
construction of chemical plant. 

Austenitic steel tiscd for rivets should have as low a 
carbon content as possible ; this is advisable not only on 
meclianical grounds -low carbon steels being softer and 
therefore more easily worked than those of higher carbon 
content— but also in regard to corrosion resistance. The 
liighcr the carbon content, other things being equal, the more 
rapid the rate of cooling from high temperatures necessary 
to prevent precipitation of carbide films. 

It might appear from these remarks that rivets of 
austenitic steels are easier to use than those of stainless iron ; 
actually, however, the former arc so stiff and hard to deform 
at temperatures below about 900® C., and in addition harden 
up so rapidly if forcibly deformed at lower temperatures, that 
unless an austenitic rivet is rapidly driven and well closed 
before its temperature falls much below about 900® C., it may 
be found difficult, if not impossible to close it at all. 

The necessity for controlling rather carefully the tem- 
perature of riveting will doubtless be considered by many 
boilermakers to be a distinct drawback to the use of stainless 
steels. UndouV>tedly the heating of rivets of these steels will 
require more care than those of ordinary mild steel usually 
receive. The extra care is necessarj% however, and although 
t^e future may possibly see the production of types of 
stainless steels possessing greater flexibility in this respect, 
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it is doubtful whether any material of this type wj(l be pro- 
duced which will be quite so “ foolproof ” as ordinary dead 
mild rivet steel, t 

Caulking operatioAs do not present any difficulty, with 
stainless irons ; they are as easily carried out as witli'mild 
steel. The austenitic steels are more diffic’jiit on account of 
their work-hardening tendencies ; when^ riveted joints are 
to be made in these steels, the plates to be riveted must fit 
closely together and the riveting be w^cll done, otherwise it 
may be impossible to produce a really tight joint. 

In the fabrication of vessels and other plant by boiler- 
makers’ methods, it is frequently the practice to reheat 
plates to possibly 700"", SOO'' or 900° C., in order that such 
operations as flanging and bending may be carried out more 
easily. Similar methods may be used for stainless irons or 
the austenitic steels, providing the effects of heating to such 
temperatures on the properties of the materials is borne in 
mind and also the necessity, in most cases, of a final heat 
treatment in order to correct these effects. Stainless iron 
plates, intended for the manufacture of large vessels of 
various kinds, are generally tempered at about 700" C., after 
rolling in order to soften them and make them as tough as 
possible. Reheating such plates to 700° or 750° C. for 
fabrication purposes, will not affect their properties to any 
noticeable extent ; if, however, they reach temperatures of 
800° C. or over, they w ill afterw^ards harden to a greater 
or less extent, depending on their subsequent rate of cooling. 
Plates so treated should be re-tempered at 700° C. or 
thereabouts in order to restore their toughness. If, on the 
other hand, the rate of cooling from 800° C. or over had 
been rather slow, the plates would become more or less 
annealed ; in this case, a subsequent tempering operation 
would assist in toughening the finished plate but would leave 
it softer than it w ould have been in the hardened and tempered 
condition, an tffcct which might, or might not, be of any 
real importance. The extent of the softening may be 
judged by a comparison of the tests already given for annealed 
as against hardened and tempered stainless iron. 

Whether heat treatment is necessary or not on an 
austenitic steel article wdiich has been reheated to 
1,000°/1,200° C. for some fabrication process will depend 
on circumstances. The determining factor in this case 
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is the *^te of cooling^ between 900° C. and 500° C. If 
the process is such that it may be complete*! before 
any part of the steel has fallen belo^' 900° C., so that 
- thy fabricated article may then be air cooled or quenched in 
>val&7“4«pen^ng on its thickness, subsequent treatment will 
not be nece^f^ If, however, the process cannot be so 
completed, and result the cooling of the steel is retarded 
between 900® and 500® C., subsequent treatment is essential. 

In the case of the austenitic stc^els, any reheating to 
temperatures of 500®/900® C. for fabrication purposes must 
be followed by a final reheating to a temperature of 1,000®/ 
1,200® C. with rapid cooling therefrom ; or the resistance of 
the steel to the attack of chemicals is likely to suffer very 
seriously. Final heat treatment is also necessary if the 
steel has been locally heated, even to temperatures of 1,000” C. 
and upw’ards ; there will always be some pari of the plate or 
other article which has reached a ti inperature of 50()®/900 ' C. 
only and is thus in an unsatisfactory condition. 

Welding. No type of stainless steel can be welded at 
the smith’s hearth in tlie same way as ordinary mild steel ; 
probably all types may be welded electrically, by means of 
the oxy-acetylene blowpipe or by the Atomic Hydrogen 
process, though not with equal ease. The operation is more 
easily carried out with the austenitic chromium-nickel steels 
than with other types of stainless steels, while material with 
high cijromium (and low nickel) probably gives most trouble. 
Stainless irons are more easily welded than hardcnable steels 
of like chromium content and, of the latter, as with ordinary 
carbon stec^ls, the higher the carbon content the greater the 
difficulty in welding. In all cases, more care is required 
than w^hen handling ordinary mild steel and certain pre- 
cautions are necessary to obtain satisfactory wealds. In 
addition, the local heating of the steels to their melting 
point produces certain structural changes in the neighlx^ur- 
hood of the w’eld wdiich are undesirable, rendering subsequent 
heat treatment generally necessaiy". It will be convenient if 
the actual welding operations are first considered and after- 
wards the stmctural changes produced and the effects of 
these. 

In all cases the stainless material to be welded must be 
free from scale ; if not machir^^d, it should be pickled or 
sand-blasted. Stainless steels are more resistant than 
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ordinary steels to oxidation when h^at^ tohightempf^atures, 
but the scale which forms on them is much more refractory. 
It does not readily y nite jvith fluxes to form a slag which will 
melt and leave the metal clean to unite with the welding rod 
or piece to which it is being welded. Probably it,i‘ 5 »l:i*gely 
due to this fact that stainless materials canp'.^ib be welded at 
the smith’s hearth. ^ 

When using the oxy-acetylene blowpipe, a slightly reduc- 
ing flame must be used ; if oxygen be in excess, the metal will 
be oxidised, giving porous welds such as that shown in 
Fig. 218. The cavities here shown are due to gas formed by 
the reaction between the oxide produced and the carbon in 
the steel. On the other hand, the acetylene must be only 
slightly in excess or the weld will be highly carburised and, 
as a result, hard, brittle and less resistant to corrosion. The 
ideal condition would be to use a neutral flame but, as this 
is not easy to obtain, it is best to have a slight excess of 
acetylene. The flame should be adjusted so that the small 
blue cone, which is produced at the jet when oxygen is in 
excess, is just replaced by a small luminous cone. An undue 
excess of acetylene must be guarded against as it is a very 
natural fault. The observant welder will soon notice, that 
when using a good excess of this gas, the welding rod 
m(*lts very cleanly and runs easily ; moreo\ er, the weld 
can be built up in several layers much more easily than when 
a less reducing flame is used. As, however, the highly 
carburised welds thus produced are much less resistant to 
corrosion than those of lower carbon content and are also 
harder and less tough, they must be carefully avoided. 

The flame should be directed along the joint to be welded 
so that the parts being heated arc continuously bathed in the 
flame, this preventing oxidation. As regards welding rod, 
the austenitic chromium-nickel steels should be welded with 
their own material ; this also applies to the special complex 
alloys formed from these and to those of high nickel content, 
such as “ Rezistal,” Hotspur,” and the “ ATV ” alloys. 
Welding rod of these higher nickel alloys has a lower melting 
point and flows somewhat more readily than that of the lower 
nickel material (e.g. “ Anka ” or “ V.2.A.”) ; on this account 
it may be used occasionally for welding the latter steels in 
cases, e.g. domestic articles, where it is not likely to lead to 
corrosion troubles. The high nickel rod should not be so 
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used in tlie construction* of vessels or plant intended for 
chemical work as the difference in composition may cause 
electrochemical action ; in particular it must not be em- 
ployed when the welded vessels will eohie in contact with 
nitric acid as the high nickel material is distinctly attacked 
by this acid (see Table LXXX, page 351). 

The plain cliromium steels and irons, and also those 
more or less hardcnable which contain small quantities of 
other metals, such as nickel, copper, tungsten and silicon, 
cannot as a rule be effectively welded with filler rod of similar 
composition to themselves. Generally the best rod to use 
is the high nickel-chromium material of the Hotspur 
type (15/20 per cent, chromium, 20/25 per cent, nickel) as 
this flows readily. AVhen joints are being made between 
these stainless steels and carbon steels, ordinary mild steel 
welding rod may be employed quite satisfactorily. Fig. 210, 
for example, shows a group of small turbine blades of stainless 
iron welded to a mild steel ring. In this ease, the material 
of the ring formed the welding rod and Figs. 220 and 221 
representing respectively a section through one of Ihc welds, 
and the actual junction of the stainless iron and mild stet‘l 
at a higher magnification, show that welding of the two 
materials has really taken place ; there is no sharp line of 
division between them. Similarly, Fig. 222 represents a 
s(!ction through a lap weld between two sheets of stainless 
iron for which “ Hotspur ” welding rod was used ; Fig. 223 
taken at a much higher magnification at the junction of sheet 
and welding material indicates, by the fact that the grain 
boundaries cross this junction, that a very definite union 
between the metals has taken place. 

The tube reproduced in Fig. 224 was made from “ Anka” 
shc‘(‘t, bent to shape and then welded ; it was subsequently 
flatte ned along the joint and the photograph illustrates the 
toughness and ductility of the weld, a characteristic feature 
of these austenitic steels. 

What is probably the main difficulty in oxy-acctylcnc 
welding, namely correct adjustment of the flame, is entirely 
avoided in the Atomic Hydrogen welding process. Dr. 
Langmuir discovered some years ago that if hydrogen were 
heated to a sufficiently high temperature, it dissociated into 
the atomic form. On cooling down again the atoms re- 
combined \vith development of heat and conditions could be 
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arranged so that an intensely higK local temperature was 
produced. ^ 

In the application of the method to welding, a stream 
of hydrogen is directed through an arc maintained between 
two small tungsten electrodes. The hydrogen is largely 
dissociated, and this dissociated stream is directed at the spot 
to be welded. Recombination of the atoms to the molecular 
form seems to be aided catalytically by iron, steel and other 
metals and, as a result, an intense heat is produced where 
this stream impinges on to the metal to be welded. Both 
calculation and experiment indicates that the temperature 
reached is considerably higher than that of oxy-hydrogeu or 
oxy-acctylene flames. 

The most notable features of atomic-hydrogen welding 
are the entire abseiieo of oxidation on the one hand, and of 
carburisation on the other. Ordinary carbon steels are in 
fact deear burised at the weld when this method is used, and 
this effect may limit the application of the method to such 
st(‘els. Decarburisation of high chromium steels, however, 
takes place much less readily but, if it should oec\ir, it would 
be a distinct advantage for many purposes for which such 
steels are welded. 

Freedom from oxidation effects may lie. noted in Fig. 225, 
representing a section through a weld between two sheets of 
20 per cent, chromium stainless iron. A strip cut from the 
sheet was used as 1111 er rod and the weld was made without 
the least trouble. The fact that high chromium irons can 
be wielded without difliculty, using filler rods of similar 
material, is a distinct advantage as such a procedure would 
be diflicult, to say the least, if the oxy-acctylene blow pipe 
were used. 

All types of stainless steels may Vie electrically wielded by 
spot, seam or butt methods. Spot welding is frequently used 
for many domestic articles made from stainless steels ; the 
structural eliaracteri sties of a spot w^eld bctWTcn two stainless 
iron sheets are shown in Fig. 22G, representing a section 
through the weld. Lap and scam welding of thin sheets 
have also been used for the manufacture of containers of 
various types, e.g. for chemical and domestic uses. 

Butt welding may be conducted on the usual machines 
employed for ordinary steels. If stainless steel has to be so 
welded to ordinary steel, it is necessary, owing to the higher 
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electrical resistance of the former, to have the ordinary steel 
projecting further out of the contact grips than the stainless 
steel. 

.Special types of machines are nol: necessary in arc 
welding ; those normally used for mild steel are satisfactory. 
Special electrodes, however, must be used,* otherwise the 
joint would not be eorrosion resisting. When melted down, 
the electrodes should produce an alloy of approximately the 
same composition as the stainless material to be welded. 
For this purpose the electrode should consist cither of — 

(1) a core of the required stainless alloy surrounded by a 
wrapping of asbestos cord (to act as a flux), lield in position 
by a binder with which is mixed a reducing agent such as 
ferromanganese, aluminium or calcium silieide ; or 

(2) layers of metals which will melt down to give the 
required composition, together with flux and rt‘dueing 
agent as above. 

The latter type of electrode is known as a “ Synthetic ” 
electrode and its “ make up ” will depend on the kind of 
steel being welded. Thus f(»r a straight (‘hromium steel, an 
electrode may consist of — 

(a) an iron or mild steel rod ; 

(/;) a wrapping of asbestos cord ; 

(c) a binder, plus powdered fcrrochrome and a de- 
oxidiser. 

An electrode suitable for an austenitic ehromiuni -nickel steel 
may be given its necessary nickel content in the form of an 
electro-deposited layer of nickel on the iron or mild steel rod, 
but would otherwise be similar to the one described above. 
In some cases, the deoxidiser consists of a line aluminium 
wire wound on the rod before the asbestos cord. 

During the melting do^vn of an eketrode, loss of 
chromium* occurs owing to oxidation. The electrode should 
preferably contain 3 or 4 per cent, more chromium than is 
required in the weld. The amount lost actually depends on 
the skill of the welder and the care he exe rcises ; if the 
welding is carelessly done, i.c. if too long an are is used, 
the figure may easily exceed 3 or 4 per cent. 

* Suitable electrodes are made, e.g. by Messrs. Murex Welding Processes, Ltd., 
Walthamstow, and by Messrs. Welding ftods Ltd., Attercliffe Koad, Sheffield. 
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When ordinary carbon steels are welded to austenitic 
stainless steels, there is always a thin hard band formed on 
the carbon steel side of the joint. In all probability, this is 
caused by the diffusion of chromium and nickel into. the 
carbon steel, producing at some point a composition which is 
inherently martensitic. The presence of this band need not 
occasion any trouble unless the welded joint is bent in such 
a way as to cause fracture to run along it. A similar band 
is produced when straight chromium steels are welded to 
ordinary steels using the oxy-acetylene process and a welding 
rod of austenitic chromium -nickel steel. 

Turning now to the effects of the welding operation on 
tJie properties of the steel at and adjacent to the weld, it is 
obvious that these should be considered in the light of the 
probable structural cliangcs which will occur in the various 
steels when these are locally heated up to their melting 
points and cooled rapidly therefrom ; the fornuT produce s 
a coarse structure in the parts so heated while the rapid 
cooling may, or may not, induce hardness, depending on 
composition. The austenitic steels may be considered lirst 
as they are the simplest. Judged solely from a mechanical 
standi)oint, prop(^rly made welds in these steels would be 
perfectly satisfactory without any further treatment because 
the steels do not harden at all as a result of rapid cooling 
from any temperature ; also, it is one of their outstanding 
features that they retain their ductility and toughness even 
when made very coarsely grained. The welded tube shown 
in Fig. 224, for example, had not been heat treated in any 
way before it was bent to the shape shown. From a corrosion 
resistance point of view, however, treatment is generally 
('ssential in order to avoid the intergranular breakdown 
which has been described in Chapter V, page 276. Obviously 
a Molded article anust be heat treated as a whole ; a local 
heat treatment would merely transfer the weakened area 
to some other place. 

The effects of wx‘lding on non-austenitic steels may be 
considered along with the typical curves in Fig. 227, which 
give the hardness values of five representative types of steel 
after quenching from the temperatures indicated. Materials 
of the kind represented by curves A and B are not so often 
welded as the milder varieties. The most notable feature with 
these steels is the production at, and on each side of, the 
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weld, of a very hard baild, which is liable to crack. As a 
precaution, the weld should be tempered as soon as possible 
after the welding operation is completed : the joint need not 
become quite cold before this is done ;• as soon as it has 
cooleS sufficiently to become strongly magnetic, it may be 
immediately heated to the tempering heat, e.g., by a “ soft ” 
torch. 
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Stainless iron, such as is indicated by curvx C (Fig. 227) 
and the mild “ Tw^oscore ” type of steel, curve D, do not 
harden nearly so much on cooling from high temperatures 
and hence are more suitable for welding operations. Wt‘lds 
made in such steels should however be tempered in orde r that 
their toughness and ductility may be increased, although it 
is possible to obtain welded joints in stainless iron sheet which 
will bend through 180° satisfactorily without any subsequent 
heat treatment. Again, the ^tempering need only be a 
purely local treatment ; it can be done by going over the 
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joint, immediately it has cooled sufficiently to become 
strongly magnetic, with a soft torch, so as to heat it to 
6507700° C. 

Tempering, however, does not refine the coarse structure 
inevitably produced at a welded joint and which, in all these 
non -austenitic steels, entails a distinct loss of ductility in 
the material. This coarse structure may, how’^ever, be 
removed to a considerable extent in these four types of 
materials by hardening and tempering the welded article 
instead of merely tempering it ; the mechanical properties 
of the joint are thereby noticeably improved. Such 
a procedure may not always be necessary but may be use- 
fully applied to wielded joints which arc likely to be sub- 
jected to considerable stress when in use. For example, in 
the production of seaplanes, a steel similar to D, Fig. 227, is 
frequently used for welded joints where a high degree of 
strengtii, together with considerable toughness and ductility 
are required ; in such cases, the complete welded articles 
are air-hardened from 950° C. and then tempered so as to 
give the required tensile strength. 

Tlie high chromium irons, t}q)ified })y curve E in Fig. 227, 
harden to a small extent only but they are distinctly less 
ductile than usual after being air cooled from high tempera- 
tures ; welded joints in these irons should therefore be 
heated to 700°/750° C, These irons become very coarse 
grained after heating to temperatures above about 1,050° or 
1,100° C., and this coarse structure cannot be removed by 
any form of heat treatment. Hence, welded joints in these 
high chromium irons are never very tough or ductile ; 
generally speaking, they are only suitable for lightly stressed 
parts, e.g., ornamental work. 

Fielding. The pickling of stainless steel can be 
carried out quite successfully if certain precautions are 
observed. If the steel is pickled in the ordinary sulphuric 
or hydrochloric acid l>aths it will be found that there is a 
tendency for the scale to come off in patches only and that 
if the articles arc left in the bath for a longer time in order 
to remove the rest of the scale, the acid attacks the steel in 
the places where the scale has already come off, pitting it 
badly, while the scale remaining on is hardly affected. This 
is particularly liable to occur if the scale is fairly thick. This 
. undesirable state of affairs, however, can be avoided if a small 
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amount of colloidal organic matter, such as one of the 
Restrainers ” on the market, is added to the batli. With 
such an addition, the ordinary pickling bath containing about 
5 to 10 per cent, of sulphuric acid acts very well.* The 
surface produced by such a pickling bath has a tendency to be 
rather dull in appearance ; it may be brightened up consider- 
ably by placing the pickled article for a short period in a cold 
bath containing about 5 per cent, nitric acid. This bath has 
little or no action on the stetd but it has the effect of improving 
considerably the appearance of the pickkd article. Alterna- 
tively a hot solution containing 10/30 per cent, nitric acid 
may be used for brightening the surfa(‘e ; this solution acts 
more quickly than the cold dilute one but is more troulilesomc 
to use. 

Piihling baths containing hydroeliloric acid are also 
frequently reeomnieii(l(‘(l for stainless steels as having a more 
rapid action than sul})huric acid. Strengtlis of 20/50 i)tT 
cent, of the cornmorcial acid, to be used at a temperature of 
507f>0 f'., are geiuTally s}>ecilied. In soim^ eases, a higher 
temperature, 707^^0"" (-. is suggested for the aust(‘nitic steels. 
Alternatively, a 10 per e(‘nt. solution of sulphuric a(*id, to 
which 0/12 per cent, (by weight) of rock salt lias been added, 
may be used ; sueh a bath is clainu d to work fast(‘r than the 
ordinary sulphuric acid solution. All material pickled in this 
snlution or in the hydrochloric acid baths should subs(‘- 
quently be given the nitric acid dip. 

When* a very good surface aftcT pickling is d(‘sirabie, 
use may be made of a pickling bath containing 3 to 5 jier cent, 
nitric acid and 1 per cent, of hydrochloric* acid. This bath 
should be used cold ; it works rather slowly Init produces 
a silvery grey surface. The time recpiired varies, with the 
thickness of the scale, from aViout half-an-honr or an hour 
for a very thin coating to about 24 hours for a thick scale. 
This bath will probably be most useful where thin scale, 
such as is produced by tempering, has to be removc*d ; for 
example, in making pressings of stainless iron it may 
be necessary to do the cold work in several stages and 

• A suitable res trainer may be made by mixing one part of glue size with on© 
part of concentrated sulphuric acid and then immediately adding, with constant 
stirring, two parts of water. The mixture, of course, becomes hot (wduch, it may 
be remarked, facilitates the reaction between the acid and the glue size), and is 
ready for use as soon as cold. With a bath containing 5 per cent, sulphuric 
acid and used at a temperature of 60*^ to C, the restrainer may bo added in the 
proportion of 1 part to 100 parts of the bath. 
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to soften the material between these. For the softening 
operation^ reheating to 700°/750® C. is all that is necessary. 
Such a reheating produces only a thin film on the surface ; 
this film can be quickjy removed by the special pickling 
bath leaving a bright silvery surface in perfect condition for 
further pressing. 

The austenitic chromium-nickel steels may be given a 
particularly pleasing surface by the use of a suitably re- 
strained, hot solution of hydrochloric and nitric acids A 
suitable mixture is : — 

Commercial hydrochloric acid (cone.) 25% by volume. 
„ nitric acid (cone.) ... 5% „ „ 

Restrainer ... ... ... ... „ 

The restrainers sold under the trade names* “ Rodine,” 
“ Galvene ” and “ Pickelette ” have been found satisfactory. 
The best results are obtained when the temperature of the 
bath is about 60°/70° C. There is a distinct attack on the 
steel when this bath is used ; this should be allowed for 
when, for example, sheets of a specified thickness arc being 
produced. Sheets and plates should always be placed on 
edge in the bath ; if laid flat, the under side will probabl> be 
patchy in appearance. Articles of complex shape should be 
kept on the move. The time required depends on the 
thickness of the scale, but the minimum is about 20 minutes. 
If the bath conditions are properly adjusted, the material 
V)ecomes passive towards the end of the pickling period, so 
that action practically ceases and the article leaves the bath 
witli a very pleasijig bright surface. 

Two or three precautions are necessary. The bath 
must be kept oxidised by adding small quantities of nitric 
acid from time to time as required^ Should the acid strength 
become considerably reduced, either by dilution or as a 
result of attack on the steel, pitting of the latter is almost 
certain to occur. If the bath is heated by blowing steam 
through it — a method very commonly employed for heating 
pickling baths — dilution is inevitable ; for this reason, it 
has been found desirable, in works practice, where such 
heating methods are employed, to commence with a batli 
containing about 50 per cent, hydrochloric acid and continue 

♦ These three are obtainable resiiectively from Sir W. S. Royco & Co., Ltd., 
Albert Square, Manchester; Messrs. British Dyestuffs Gorp., Ltd., Manchester, 
and Messrs. Ferguson, Wild A Co., Middlesborough. 
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using it until the acid content falls to too low a figure. The 
bath may be regenerated by the further addition of hydro- 
chloric acid, as well as the periodical doses of nitric acid 
mentioned above, and this may be continued until, owing to 
the presence of large quantities of dissolved salts, it no longer 
produces a satisfactory surface. 

When starting to use a new bath, or on restarting an old 
one after standing for some time, it is always advisable to 
pickle a few scrap pieces of material first, to make certain 
that the bath is in proper working order. 

Probably the most perfect surface, e.g. on a sheet, is 
produced by removing the scale by means of the ordinary 
sulphuric acid bath, described earlier, and then using the 
lutro-hydrochloric acid bath merely to obtain the peculiarly 
bright surface which is its special feature. This procedure 
also has the advantage that the special bath remains in a 
cleaner condition, owing to the absence of scale. The bright 
pickled surface is particularly adapted for articles which are 
not intended to be polished subsequently; the surface it gives is 
very pleasing and especially suitable for articles for domestic 
use or for decorative work. On the otlier hand, sheets 
which are to be polished after the pickling operation are 
best treated in the ordinary sulphuric acid bath first des- 
cribed ; the surface thus obtained, though matt, is flatter, 
i.e., more free from depressions, and therefore more readily 
polished than that of the “ bright pickled ” article. 

It should be emphasised that this particular bath is only 
suited to the austenitic chromium-nickel steels and perhaps 
a few of the more complex alloys formed from these. It is 
not recommended for the hardenable chromium steels or the 
stainless irons, nor is it possible to obtain with these materials 
the characteristic bright pickled surface which is produced 
on the austenitic steels. 

It may also be noted that austenitic steels which have 
been wropgly treated and, as a result, contain a network of 
free carbide do not give the characteristic bright surface when 
pickled in this bath. If a welded article, which has not been 
subsequently heat treated, be pickled, a band on each side 
of the weld will remain dull. 

Scale may also be removed from stainless steels by 
electrolytic means. The article to be descaled is made the 
anode in a bath, which is not necessarily of an acid nature. 
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Thus T. Rondelli patented ♦ a process of this type in which a 
bath containing 15 per cent, or more of caustic alkali is 
employed at a temperature of about 140° F. The article to 
be descaled is made the anode and a current density of 4 or 5 
amperes per square decimetre is recommended. The scale 
is converted into soluble iron compounds which arc then 
removed by immersing the articles in a weak acid bath, 
hydrochloric and sulphuric acids being recommended ; the 
acid bath in removing the loosened and altered scale, gives 
the article a bright surface. The use of an alkaline bath for 
electrolytic pickling is not, however, essential ; acid solutions 
may be employed with perfect success and have advantages 
in some cases. j 

The surfaces produced by electrolytic pickling arei 
generally very good ; they are free from pits or other de-| 
pressions such as are occasionally produced in ordinary acitlj 
pickling, even when carefully performed, and they are there- 
fore very suitable for polishing. The method appears to be 
particularly valuable for the stainless irons and hardenable 
stainless steels of higher chromium content as these arc always 
more difficult to deal with, than the lower chromium alloys, 
in the ordinary acid pickling bath. 

Unless there is some special reason to the contrary, 
stainless steel should not be pickled when in the hardened 
condition. Hardened material is generally in a greater or 
less state of internal stress, and if pickled in such a condition, 
is liable to develop surface cracks. 

Heat Treatment of Stainless Material. The subject 
of the heat treatment of stainless steels of all types is 
large and many-sided, particularly if the effects of variations 
in composition and temperature of treatment on the 
physical properties obtained be taken into account. In the 
present chapter it is intended to deal only in a general manner 
with the subject, as a detailed consideration of factors such 
as those mentioned above has already been given. It will 
simplify matters if stainless irons and the hardenable stainless 
steels (i.e, those of groups (1) and (2), page 470) are considered 
hrst, and afterwards the austenitic types. 

Unless the special precautions mentioned earlier in this 
chapter are fully carried out, the hardenable stainless 
steels of group (1), which have been forged or rolled at the 
* BritUih Patent No. 228,278. (Nov. 6th. 1923.) 
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ordinary temperatures for such operations, are more or less 
hard when cold and therefore require to fte softened before 
any machining or chipping operations can be carried out. 
The treatment for such a softening process is very simple ; 
the rifeterial merely requires to be reheated to the maximiim 
tempering temperature available for the particular steel, 
and allowed to cool in air, or if preferred it may be quenched 
in oil or water. In the case of the plain chromium steels, 
this temp^erature is 700"^/750° C., but the presence of any 
considerable amount of nickel (e.g., 1 or 2 per cent.) limits 
the maximum temperature available to 700'’ C. or oven 
650® C. After this operation, the material will have a Brinell 
hardness number of about 150 to 270 (corresponding to a 
tensile strength of 35 to 60 tons per square inch), depending 
on its composition, and in this condition it machines easily. 
The operation is simply that of tempering the steel at the 
highest possible temperature consistent with commercial 
conditions. A still greater degree of softness, more par- 
ticularly with the higher carbon varieties, can be obtained 
by annealing the material, though in this condition, like all 
annealed steel, it does not machine so smoothly as in the 
hardened and tempered condition, but is much more liable 
to tear. 

For the annealing process, for reasons which will be 
evident from Chapter II (page 46), the steel should be heated 
to 50® or so above the Ac.l change point (i.e., to 8507880® C, 
in the case of the plain chromium steels) and, after allowing 
to become evenly heated, should be either cooled slowly 
through the Ar.l change (e.g., down to 600® C.) or else 
transferred to a second furnace kept at 600® to 700® C. 
and, after becoming even, should be held for a sufficiently 
long period at this temperature to enable the carbon change 
to take place completely, as described earlier in this chapter. 
In this case as full annealing, i.e., the production of very 
soft material rather than the prevention of cracking is 
the object in view, the soaking time should be generous ; 
unless the steel is abnormal in composition (e.g., contains 
considerably more nickel than usual) a soaking period of 
one or two hours should be ample, after which the material 
may be air cooled or quenched. For the same reason, if the 
material is slowly cooled in the furnace, the rate of cooling 
from about 750® to 600® C. shduld not be faster than 50® 
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an hour. If the steel does not contain any large amount of 
nickel, or other liietal which lowers the temperature of the 
Ar.l change, there is no need to continue the slow cooling 
below 600® C. By such annealing processes, the Brinell 
hardness number of * 12/14 per cent, cliromium ‘ steel, 
containing 0*30 to 0*40 per cent, carbon, may be reduced 
to between 170 and 200. 

Sometimes a greater degree of softness than is obtained 
by tempering forged or rolled material, as described on page 
497 is desirable and, at the same time, annealing may be incon- 
venient or impracticable, e.g., in the case of steels which, on 
account of rather high nickel content, require holding for a 
very prolonged period at the temperature at which Ar.l 
occurs in order that this change may take place completely. 
On such occasions, the hardness of the tempered article may 
be reduced if, prior to tempering, it is heated to a tempera- 
ture about 30 or 50 degrees above the Ac.l point and air 
cooled therefrom. As will be evident from Figs. 81 and 86, 
the material hardens after such a treatment but not to the 
same extent as when air cooled from forging heats ; hence, 
having a lower initial hardness when so treated, it is softer 
after tempering. The added softness produe(‘d in this 

Table CXXXV. 


Softening of Rolled or Forged Material, 
(Sec above.) 


Mark. 

Carbon 

Chromium 

Ni(‘kcl 

Brinell 

1 as 


% 

% 

% ! 

Rolled. 

A. 

0*22 

13*0 

O-fiO 

555 

B. 

()*23 

17*5 

•i 

242 

444 


Mark. 

Treatment. 

Yield 
Point, 
tons per 
B(|. inch. 

si 

Elonga- 

tion 

per cent, 
on 2 ins. 

Roduc- 

tion 

of Area' 
I)er cent. 

Brinell 

HardneSB 

umber. 

Izod 
Impact, 
ft. lbs. 

A. 

T. 700“ C 

470 

53-8 

21 0 

54*6 

255 

53 


A.C. 850°C.,T. 700“C. 

230 

45-7 

27-5 

63*6 

269/212 ! 

66 

B. 

T. 660“ C 

58*1 

64*6 

14*0 

88*5 

811 

18 


A.C.800“ C.,T. 650“ C. 

43*3 

55*9 

22*0 

51*0 

811/262 

48 
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manner is evident in the results given in Table CXXXV. 
Obviously, the articles may be cooled mor&'or less slowly in a 
furnace, instead of more rapidly in the air, from the inter- 
mediate low hardening heat, with sometimes an added gain 
in softness. 

All material, whether it has been tempered or fully 
annealed for machining or other purposes or is still in the 
more or less hardened condition as result of the forging or 
rolling operations, requires final heat treatment in order to 
give the best combination of strength, ductility and tough- 
ness for the purpose in view and incidentally to develop its 
greatest degree of resistance to corrosion. 

To harden such steel, it should be heated to a tem- 
perature which is, in general, in the range 900°/950° C., 
and then be cooled in air or quenched in oil or water, 
depending on circumstances. If the cioss section of the 
piece is reasonably small and only a moderate degree of 
hardness is required, air cooling is generally satisfactory. When 
a greater degree of hardness is required or if the cross section 
of the piece is large, then oil quenching may be used. Water 
quenching is permissible if the section is symmetrical and able 
to withstand great stresses, or if practicable and convenient 
as in the case, for example, of knife blades. The hardening 
capacity of stainless iron depends on its chromium content. 
Material with about 10 to 14 per cent, chromium and 0*07 to 
O'lO per cent, carbon will oil harden, or air harden in reason- 
ably small sections, from a temperature of 950° C., to a 
Brinell hardness number of 250 to 350. With a higher 
content of chromium than this, however, the hardening 
capacity falls off considerably (as indicated in Fig. 84, page 
59), so that at about 16 per cent, chromium one cannot 
obtain a Brinell hardness of more than about 250, even by 
water quenching small samples, while the maximum hardness 
obtainable by air cooling is less than this. 

Where articles of complex shape have to be dealt with, 
especially if. the carbon content is fairly high, air cooling 
is preferable to oil quenching, in order to minimise hardening 
stresses. If, at the same time, the cross section of the article 
is fairly great in parts, so that the rate of cooling of such parts 
is hardly fast enough to harden them sufficiently, advantage 
may be taken of the fact that the capacity of the steel for air 
hardening increases as the hardening temperature rises. For 
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such purposes a temperature of 950® to 975® C. may be used 
or even 1,000® C. It is not advisable to exceed the latter 
temperature, however, as by so doing a coarse structure is 
liable to be produced.. Where such difficulties arise in the 
production of sufficient hardness by air cooling, and oil 
quenching is not advisable, matters may be helped consider- 
ably by using a steel containing one per cent, or thereabouts 
of nickel, because the presence of this element greatly retards 
the rate at which the critical changes take place on cooling 
and hence allows the material to harden at slower rates of 
cooling (see page 189), 

As a general rule, the tempering operation should 
follow the hardening as soon as possible, in order that stresses 
set up in hardening may be relieved before they have an 
opportunity to cause cracking. This, of course, applies 
equally to all steels which harden intensively. There is no 
need to wait until the article is quite cold after hardening. 
The lowered change point which results in the production 
of martensite from austenite generally takes place between 
about 150® C. and 400® C. (see pages 93 and 472) depending 
on composition and hardening temperature and S|^s soon as 
this change has taken place completely, the article may be 
reheated for tempering. As the steel becomes strongly 
magnetic when the above change takes place,, a magnet may 
be used as a guide.* 

Articles which are to be retained in the hard condition 
should preferably be tempered between 200° and 400° C. 
after hardening. By so doing, quenching stresses are relieved 
and the toughness improved distinctly. It has been shown 
earlier (Fig, 13) that such tempering has practically no 
effect on hardness. Owing to this resistance to tempering, it 
is possible, in the case of the plain chromium steels, to com- 
bine the hardening and tempering operations by quenching 
the material from the hardening temperature in a fused 
salt or metal bath, the temperature of which is kept 
between 150® and 250® C. Such a method is valuable 
for articles which are liable to crack when quenched in 
the ordinary way. It is important to note th^t the 
temperature of the bath should not be allowed to rise above 
the range indicated above. The upper limit is fixed by the 
fact that the temperature must be lower than that of the 
♦ See p. 476 with respect to stainless iron, however. 
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lowered change point, otherwise the material is retained in 
the austenitic condition whilst in the bath,^nd fully hardens 
on cooling from the latter. Obviously also, the method 
cannot be used for those hardenabk steels in which the 
lowered change point is likely to occur below 250® C., e.g., 
those containing two per cent, or so of nickel. 

Some little difficulty may be experienced in properly 
refining 12/14 per cent, chromium steel which has been 
badly overheated, especially if, after such overheating, it has 
been allowed to cool slowly, producing a pearlitc structure. 
This is especially the case if the carbon exceeds about 0-8 per 
cent. The cause of this will be evident from the description 
of the microstructure given in Chapter II. Material which has 
been slowly cooled from a high temperature consists of pcarlite 
and frequently, as shown in Fig. 8, the distribution of the 
carbide in such pearlitc is by no means uniform, even when 
the steel is of eiitectoid composition. In steel of lower 
carbon than this, the distribution of carbide is still more 
irregular owing to the presence of ferrite (see Figs. 3 and 
21). When such material is reheated to 9007^50® C, for 
hardening, the ground mass of austenite formed at Ac.l is, 
of course, refined, but the carbide which remains undissolved 
at these temperatures (see Figs. 10 and 23) still outlines the 
original coarse structure and hence the material, after such 
hardening, is not properly refined. In the case of steels 
containing more than 0*3 per cent, carbon (i.e., hyper- 
eutectoid) the excess carbide which has probably formed a 
network round the grains of the overheated material, as in 
Fig. 4, remains quite undissolved at 900 ^ 950 ^ C., and 
further aggravates matters. Such cases are dealt with by 
reheating material containing 0*3 per cent, carbon or less to 
975®/l,000® C., or in the case of higher carbon steel, to 
a tempierature sufficiently high to dissolve the excess carbide 
(see Fig. 27), and air cooling therefrom, so as to keep the 
carbide evenly diffused. The articles may then be hardened 
and tempered in the normal way. 

Hardening from such high temperatures as those 
given above for the preliminary heat treatment is rather 
prone to lead to cracking, especially if the article has a form, 
which is likely of itself to cause trouble in this respect ; it 
may therefore be necessary to ^ take precautions to avoid 
this. Such cracking almost invariably occurs either while 
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the article is passing through the lowered change point or 
afterwards. WH^re cracking is liable to occur, therefore, 
the article should be air cooled down to about 450° or 400° C. 
(in order to prevent the separation of pcarlite or tposite 
at Ar.l) and may then be cooled comparatively slowly 
through the range in which the lowered transformation 
occurs. Thus, after it has cooled down to about 400° C., 
it may be charged into a furnace at this temperature and 
allowed to cool slowly in that, or the cooling rate may be 
retarded by other means such as packing in hot ashes. As 
in the normal hardening operation, the article may be 
reheated for the final hardening process as soon as it has 
passed through the lowered change point and before it 
becomes cold. 

The improvement which is brought about by such a 
preliminary treatment as that given above may be illustrated 
by the following tests obtained on two bars (1| inches 
diameter) of steel of the following composition : — 


Carbon 

0-30% 

Silicon 

o 

c 

Manganese ... 

0-23% 

Chromium 

- Vi * % 

Nickel 

0-55% 


These bars were heated for 3 to 4 hours at 1,100° C. 
and then slowly cooled, so as to produce a very coarse pearlitic 
structure. After this treatment they had a Brinell hardness 
number of 202 and an Izod impact figure of 5 ft. lbs., the 
fracture being coarsely crystalline. Bar A was given a 
refining treatment at 1,000° C. and w^as then hardened at 
900° C. and tempered at 700° C. in the usual way. Bar B was 
hardened at 900° C. and tempered at 700° C., along with A, 
but was not given the refining treatment. These bars gave 
the following tests ; — 


A. (refined) 

B. (not „ ) 


Yield 
Point, 
tons per 
niuarclnch. 

Maximum 
StresB, 
tons i»er 
B(]uare inch. 

Eiongation 
per cent, 
on 

2 inches. 

EedncUon 
of Area 
per cent. 

Izod 
Impact. 
Ft, Lbs. 

38-2 

52-6 

25-0 

58*2 

59 64 

36*8 

49*8 

22 0 

48*5 

26 24 
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The improvement in the niicrostructii|re brought about 
by this refining treatment is typifu^d bjf a comparison of 
Fig. 15 with Figs. 9 and 10, The structure of the refined bar 
was ^milar to Fig. 15 ; in the iinrefineci piece, tlic plates 
of the carbide formed a ‘‘ ghost image ” of the original 
structure, resulting from the annealing operation, in a 
fashion typified by Figs. 9 and 10. Such plates }>rovide a 
favourable path on which a crack may readily travel. On 
the other hand, the structure shown in Fig. 15 is free from 
all traces of this coarse structure. 

The treatment of the austenitic steels does not present 
any great difficulty except such as arises from tlie fact tliat 
they require heating to relatively high temperature's in order 
to soften them completely. Th(‘y are of course not liable to 
hardening cracks or any other such troubles experienced with 
hard enable steels. The only heat treatments which should 
be applied to austenitic steels are of two types : — 

(1) That intended to jwoduce the softened form of the 
material and consisting of heating to, followed by cooling 
rapidly from, a sufficiently high temperature to produce a 
structure consisting solely of austenite and free from the 
network of carbide obtained by reheating to lower tem- 
peratures. The minimum temperatures required depends 
on the composition of the steel and varies generally 
between 1,000'^ and 1,200^ C. 

(2) That occasionally applied to cold worked material 
and consisting of reheating to a low temperature, certainly 
not more than 500° C, Such a treatment is akin to that 
used for “ blueing ” cold drawn wire or cold rolled strip 
of ordinary steel. While such a treatment as this is 
possible, it is not generally very effective in its results, as 
will be evident from the data given in Figs. 117 and 118. 

No austenitic steel should be reheated in the range 
500°/900° C. as a final treatment nor should it be slowly cooled 
in this range from a higher temperature. Treatments of these 
descriptions result in the formation of carbide films round 
the grain boundaries with consequent liability for inter- 
granular attack. If material has been treated in this manner 
during manufacture or fabrication into some article, it 
should be given, whenever possible^ a final heat treatment of 
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type (1) above, t This point is particularly important in 
material intended Vor use in the chemical industry. As has 
been seen in the preceding pages of this chapter, the fabrica- 
tion of vessels by boilermakers’ methods sometimes \eads to 
plates being heated to temperatures of 700^/900® C. or so, or 
being locally heated to these or higher temperatures. Local 
heating always occurs when vessels are welded. All these 
conditions entail a greater or less area of the pla.te or vessel 
being heated in the range 500*^/900® C. While this may be 
immaterial in a few cases, e.g., spot-welded domestic ware, 
it would have disastrous results in the majority of 
purposes for which the materials are used. Whenever such 
heating has occurred in plates or vessels intended for chemical 
purposes, the plate or vessel should be given, if it is at all 
possible, a final heat treatment of type (1) above. Herein 
lies one of the dilliculties attending the use of welded vessels 
of austenitic steels ; the final heat treatment must then be 
carried out after the welding is completed, an operation 
attended with considerable difficulty in the case of large 
vessels or intricate systems of welded pipes. In those cases 
where heat treatment is possible (and it is obvious that where 
large scale plant is involved the operation may be impossible 
owing to lack of a furnace of sufficient size) considerable 
ingenuity is frequently required in ensuring that the treated 
vessel or other part does not deform under its own weight 
while heated to the requisite high temperature. 

Cold Working. Stainless steels may be cold worked in 
much the same way as ordinary steels ; thus they may be 
drawn into wire, rolled into sheets or strip, made into weldless 
drawn tubes or pressed or stamped into a variety of shapes. 
The power required for these various operations depends on 
the initial hardness of the steel and the rate at which it 
hardens as a result of cold work ; it is generally greater than 
in the case of mild steel. The extent to which the metal can 
be deformed at one operation varies with the* kind of 
stainless steel used. Generally speaking, stainless irons and the 
austenitic steels are selected for cold working operations 
owing to their greater softness and ductility as compared 
with other types of stainless steels ; and of these two 
varieties, stainless irons are more easily worked and de- 
formed than the austenitic steels. 

Possibly the greatest difficulty in drawing operations. 
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either for the production of wire or of special sections such 
as turbine blading, lies in the tendency of the steel and the . 
die to seize, causing scoring of the drawn material. Tlie best 
remedy is proper choice of lubricant,, and for this hard soap 
or mixtures of tallow and soft soap have been used successfully. 

Stainless steels cannot be “ coppered ” with the solutions 
used for this purpose with ordinary steel as these have no 
action on the stainless steel. A film of copper may, however, 
be deposited on the steel electrolytically. 

For the production of good wire, it is essential that tlie 
hot rolled rod be carefully pickled. The pits in an over- 
pickled surface are not taken out in drawing ; on the contrary, 
they are more or less closed up and remain as fine seams in 
the finished wire. 

When producing high tensile wire in steels of the harden- 
able type, it is advisable to obtain part of the hardness by an 
initial heat treatment rather than to depend on the heavy 
drawing of very soft rods. Some results on previously 
hardened and tempered rods, after drawing various amounts 
have been given in a previous chapter ; sec page 130. 

The pressing and deep drawing of sheet or strip presents 
no great difficulty. Stainless irons or the austenitic chromium 
nickel steels are the most suitable ; in the latter case, especi- 
ally, more power is required than for similar w ork on ordinary 
mild steel. Generally speaking, a rather greater clearance 
between punch and die than is usual with mild steel should 
be adopted for the stainless materials, particularly the 
austenitic varieties, and a reduction in pressing speed is 
advisable. Owing to their high rate of work hardening, the 
austenitic steels are much more severe on the press tools than 
the stainless irons. The blades of shears must be very well 
adjusted and be sharp, particularly with the austenitic 
steels, or the metal will not cut cleanly. 

During punching operations on plate, sheet or strip, the 
austenitic steels, being very tough and ductile, do not fracture 
after the hole has been partly cut, as occurs with ordinary 
carbon steel. The metal must be cut completely through. 
Hence, the pimch and die must fit more closely than is • 
customary when punching mild steel. Also, as a result 
its rate of work liardening and its toughness, it is not gen- 
erally possible to punch a hol^ in an austenitic steel sheet, 
of smaller diameter than the thickness of the sheet. 
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Both the stainless irons and the austenitic steels may be 
formed by spinning, though the operation is sometimes 
troublesome with the austenitic steels on account of the 
rapidity with which they harden. 

All lubricant should be removed from the surfaces of 
cold worked articles before they are annealed. If this is 
not done, distinct surface carburisation may readily occur 
during the annealing operation, leading to hardness and loss 
of ductility and also reduction in corrosion resistance. It 
cannot be too strongly emphasised that high chromium steels 
readily absorb carbon at high temperatures and that the 
rate of absorption is particularly fast in the case of the 
austenitic steels owing to the high temperature required 
for their heat treatment. 

As regards intermediate annealings or softenings, the 
following treatments are suitable : — 

(а) for irons and steels containing 12/14 per cent, 

chromium and for high chromium irons (e.g., 16 per cent, 
or over) heat to C. and cool rapidly or slowly 

as may be convenient ; 

(б) for steels containing 16/20 per cent, chromium and 
about 2 per cent, nickel, heat to 625®/675° C. cooling 
rapidly or slowly ; 

(o) for austenitic steels, heat to 1,000° C. or over, 
depending on composition and cool rapidly. 

It was mentioned in Chapter IV that the austenitic steels 
could be partially softened, after cold work, by heating them 
to 800° or 900° C., but that such softening was likely to 
reduce the ductility of the steel ; see pages 188 and 189. It is 
also very likely to cause considerable trouble if the steel so 
softened be pickled before proceeding with the next cold 
working operation. Material softened at these temperatures 
will contain free carbide at the grain boundaries, leading to 
intergranular attack during pickling. If this occurs slightly, 
the surface of the steel may be badly roughened but a bad 
attack on thin material would probably lead t© the latter 
disintegrating entirely. 

Abnormal grain growth may easily occur on annealing high 
detromium irons which have been submitted to critical 
amounts of cold deformation. Houdremont,* for example, 

* '*Die Bofitfroien Stahlo, ihre Eigonshaften und Herstellimg.” Dr. lug. E. 
Houdremonti Kruppache Monatshefte* Nov 1930* 
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showed that a stainless iron 'containing f^ut 16 per cent, 
chromium became exceedingly coarse grained when annealed 
at 800° C. after 8 to 10 per cent, defor^tion, and when 
annealed at 900°/l,000°C. after 2 to 1.0 per cent, deformation. 
Annealing at 1, 050°/!, 100° C. after similar amounts of de- 
formation produced a considerably finer structure. His 
recrystallisation diagram for this steel is reproduced in 
Fig. 228. In the case of material containing about 0-3 per 
cent, carbon and 25/80 per cent, chromium, similar 
abnormal grain growth was produced in material which had 
been deformed between 2 and 5 per cent., by annealing at all 
temperatures between 700° and 1,100° C. but partiotilarly 
at 900°/1,000° C. 



Fio. 228. Effect of degree of dofomiatioii and reheating temperuiure 
on the grain size of 16 per cent, chromium stainless iron. (Houdrt^mont.) 

A wsimilar abnormal grain growth, though probably not 
to such an excessive extent, may be produced in the austen- 
itic steels if they are softened at temperatures of about 
1,200° C* and over after being deformed about five per 
cent. Fig. 229 for example, shows the grain size of a conical 
test piecQ which was stretched in a testing machine and then 
softened at,l,250°C, The figures on the diagram indicate 
the percentage reduction in cross sectional area during 
stretching. No such grain growth was produced when 
material similarly deformed was softened at 1,100° C. 

Machining. If comparisons as to machining ability are to 
be made with mild steel or brass, it is well to state at once 
that all stainless steels are more 'difficult to machine than these 
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metals. Most en||ineering shops, however, have experience 
of hatder steels thin piild steel ; high tensile alloy steels are 
regularly dealt with and, if these be taken as standard, the 
comparison is not sib one-sided. Broadly speaking, it, may 
be said that the hardenablc stainless steels and the stainless 
irons machine with the same ease as carbon or alloy steels of 
the same tensile strengths. 

The austenitic steels may cause considerably more 
trouble if certain precautions are not observed. These latter 
arc necessary solely on account of the rapid rate at which 
these steels harden when cold worked. A tool should never 
be allowed to rub over the surface to be cut or the latter may 
harden so much as to become almost unmachinable. Tools 
must be kept sharp and they must be made to cut all the time 
they are at work. Wherever possible, a cut once started 
should be completed without check of any kind, due cither 
to the tool coming in and out of cut or to the stoppage of the 
machine in the middle of a cut. Centre-punching for 
drilling should be very lightly done and the drill, once started 
in a hole, should be pushed through with a continuous feed. 
It should not be allowed to revolve idly without cutting or 
the further drilling of the hole may be impracticable. 

Drilling is in fact one of the most difficult operations 
with the austenitic steels because there must always be a 
small area at the point of the drill, between the flutes, which 
does not cut. The work hardening of this central area does 
not prevent a drill of large diameter from cutting, because a 
sufficiently heavy pressure may be maintained on it, but in 
the case of drills of small diameter, the trouble becomes acute ; 
it is practically impossible to drill holes 1/82 inch diameter, 
or less, of any depth in the austenitic steels. In order to 
minimise the trouble, twist drills of high speed steel should 
always be used ; the included angle between the cutting 
edges should preferably be ground to 115° as against the 
^andard 118°, and the drill point thinned. The cutting 
lips of the drill should be ground with more clearance than 
standard ; 16° is satisfactory. The short spiral flute drill 
used for drilling copper and aluminium, if ground as above^ 
4 pives good results. 

It is desirable that the drills used should be as short as 
possible and, when a drill chi^ck is used, the drill should be 
gripped for as long a length as possible in the chuck so as ta 
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reduce any spring to a minimum. All these recommenda- 
tions aim at securing that the drill should* be held as rigidly 
as possible ; obviously the drilling machme itself should be 
above suspicion in this respect ; for example, the drill spindle 
should be free from play. 


Table CXXXVI. 

Drilling Speeds and Feeds for Stamless Steels, 



Hardenable Steels, 1 

(50/60 ton). 

Auatenltlo Steels. 

Size 

of 

Revs. 

Feed 

Revs. 

Feed 

dim, 

per minute. 

per rev. ; 

l>er minute. 

per rev.; 

ins. 

ins. 

Ins. 

i 

1,200 

0004 

800 

0 003 

i 

600 

0006 

500 

0005 

I 

400 

1 0 008 

300 

0*007 

i 

800 

0010 

220 

0*008 

j 

250 

0*011 

1 180 

0*009 

1 

200 

1 0*012 

160 

0*010 

i 

180 

0*013 

150 

0*011 

] 

160 

0*014 

i 180 

0*012 


Particulars as regards drilling speeds and feeds are 
given in Table CXXXVI ; where stainless irons are concerned, 
the speeds given for hardenable steels may be increased 
10 per cent. 


Table CXXXVIL 


Tapping of Austenitic Steels. 


Tap size. 

Drill size. 

i' Whitworth 

J-f'' diameter 

r 

tv" 

j[/r 

w 

o* 

iV .. 


21^ 

V 

40* 

>» 

1' 

r .. 


Tapping holes is another fruitful cause of trouble with 
austenitic steels. The chips c5n never escape freely from a 
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tap and> by the nature of the' tool, a great deal of rubbing 
occurs. The drifjed hole should be made slightly over-size 
if it is to be suciessfully tapped ; Table CXXXVII gives 
dimensions which have been found successful in practice. 

For hand tapping, four-fluted ground-thread taps give 
the best results ; a little tallow on the tap is helpful. Machine 
tapping may be done, on the austenitic steels, at about 
10 or 12 feet per minute wdien it is possible to employ a tap 
with a long lead. Machine tapping on blind holes is not 
satisfactory. 

Generally speaking, the hardenable stainless steels do 
not give very good results when machine tapped. 

It will be gathered that comparatively little trouble is 
likely to occur in lathe work. Apart from the necessity of 
continuous cutting in the case of the austenitic steels, the 
most important requirement is rigidity. It is wise to have 
the tool supported as near the cutting point as possible and 
it is also advisable to increase the top rake of the tool some 
2® to 5° above the standard used on ordinary “ 40-ton ” 
steels. 

There are some other considerations, however, which 
are worthy of attention. The degree of corrosion resistance 
of stainless steels in general is lessened by distortion, hence 
it is desirable that machined surfaces of these steels should 
be as little distorted as possible. All machining leaves the 
machined surface in a more or less distorted condition but 
the latter is greatest when the cuts arc heavy and least 
when tliey are fine. It is also greater when the cutting edge 
is blunt and less when this edge is sharp. It follows therefore, 
that distortion is likely to be least when fine cuts are taken 
with sharp tools and, if these conditions are adhered to, high 
speeds may be used. These ideas are followed out in the 
data given in Table CXXXVIII ; it should be understood, of 
course, that conditions will vary with length of bar and 
rigidity of tool and machine. Experience has shown that 
* surfaces prepared in this way need little grinding preparatory 
to polishing ; and it may be mentioned, in amplification of 
this Table, that if it is impossible, for any reason, to finish an 
object by grinding, it may be turned with very fine cuts at 
feeds of about 120/160 per inch and speeds of 80/100 feet per 
minute. The subsequent mirror polishing of such a machined 
surface is easily achieved by* file and emery cloth. 
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t 

Turning Speeds and Feeds for Stainless Steels. 



Be^th 

cut ; 
ins. 

Stainless Irons 
(a6/45 ton). 

Hardenable Stafnless 
Steels (50/00 ton). 

Austenitic SteeiR 

SIxe of 
bar. 

1 

Feedperrev.; 

ins. 

Speed; ft. 
per min. 

iFeedpcrrcv.; 

ms. 

speed; ft. 
per min. 

Feedperrev.; 

fen, 

speed; ft 
per min 

Up to'l 

1 

A 

008 

60 

0-03 

55 

003 

50 

I*' ’ 



0025 

55 

0025 

50 

0025 

45 

diam. J 

1 

A 

002 

50 

002 

45 

002 

40 

irto^ 

1 

is 

0 04 

60 

0-04 

55 

004 

50 



A 

008 

55 

008 

50 

0-08 

45 

diam. J 

1 

A 

003 

50 

0-03 

45 

0*08 

40 

2rto^ 


A 

005 

60 

005 

55 

0*05 

50 

S" ' 

y 

A 

004 

55 

0 04 

50 

0*04 

45 

diam. 


A 

003 

50 

003 

45 

0*03 

40 



i 

003 

45 

0 03 

40 

0*03 

40 

sp tol 


A 

0 06 

60 

0 06 

55 

0*06 

50 

4* 

y 

A 

005 

55 

0 05 

50 

005 

45 

diam. 


A 

0*05 

50 

0 05 

45 

0*05 

40 

- 


i 

005 

45 

0 05 

40 

0*05 

40 


Note. To get maximum production, adhere to the speeds and feeds giv(m 
above and increase the depth of cut os much as the work will allow. In some 
oases, it may bo advisable to reduce the feed slightly and increase the depth of cut. 


Brazing and Soldering. There is no particular difficulty 
with regard to the soldering of any type of stainless steel. 
Ordinary lead-tin solder does not unite with stainless steel 
quite so easily as it does with ordinary steel (the austeiiitic 
steels are somewhat better in this respect than the chromium 
irons and steels) but there is no difficulty in making a joint. 
Zinc chloride is a suitable flux though some of the proprietary 
articles on the market, e.g., “Soldo,” can be used with 
success.* It is important that the surfaces of the stainless steel 
be well cleaned before the operation and all traces of the 
flux must subsequently be carefully removed, by washing, 
from the completed joint otherwise corrosion may occur. 

If there is any difficulty in making the solder adhere to 

* A saturated solution of aanc chloride in a mixture of equal parts of concen- 
trated hydrochloric acid and water also Rets very well. 
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a polished surface of the steel, the latter may be dulled by 
etching. A smmble etching solution contains : — 

I 

Hydrochloric acid ... 90 parts by weight. 

Ferric bhloride ... 50 „ „ 

Nitric acid ... 8 „ „ 

The solution should be allowed to act for 5 or 10 minutes and 
then wiped off. 

Stainless steels may be brazed, though with some little 
difficulty, with the ordinary copper-zinc brazing mixtures, 
using borax as a flux. As in soldering, the surfaces must be 
perfectly clean and they should be protected by the borax 
while being heated. A much greater difficulty than is 
concerned with the operation itself arises, however, with the 
condition that stainless steel assumes as a result of the 
heating to which it has to be subjected for the brazing opera- 
tion. The ordinary copper-zinc brazing mixture (60 per 
cent, copper, 40 per cent, zinc) requires the material which is 
to be brazed to be heated to a temperature of 950° C. or 
higher for the process to be successful. If, as is generally 
the case, the heating is purely local, the results would as a 
rule be very undesirable, from a corrosion resistance point of 
view, in the case of austenitic steels ; hence brazing is not 
generally to be recommended for such steels. The structural 
changes produced in the steel are precisely similar to those 
already described under welding ; but in this case, a sub- 
sequent heat treatment operation is impossible as it would 
melt the joint. If, however, the articles to be brazed were 
small, so that they could be wholly heated to 950° C. or over 
and then cooled rapidly when the brazing operation was 
completed, the process would be feasible. 

Stainless irons and steels, other than those of the austen- 
itic variety, if heated in a similar manner, harden to a greater 
or less esdent on cooling from the brazing heat. Hence, 
when a brazed joint is made in such material, the parts of the 
latter immediately surrounding the joint will be more or less 
hard and brittle when cold. This condition can of course be 
rectified by tempering the brazed joint at 600°/700° C., but 
this is not always convenient or even possible. For example, 
the blades of a turbine are frequently brazed to lacing 
wires which hold them firmly together, preventing an undue 
amount of flexure. It is generally not feasible to temper the 
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whole of such a disc, after * the lacing jvires have been 
brazed into position, owing to its size and for other reasons. 
In order, therefore, to mininiise the pibduction of hard 
brittle spots in such blades it is preferable to use a brazing 
mixture having a considerably lower melting point than the 
ordinary 60 ; 40 brass. It has been found that an alloy 
having the following composition : ~ 

Copper ... ... 44 per cent. 

Zinc 33 „ 

Silver ... ... 23 ,, 

is very suitable for this purpose. It melts at a temperature 
of about 700° C. and hence allows the brazing to be carried 
out with much less danger of hard brittle spots being formed 
in the stainless material afterwards. It also forms a very 
strong joint. 

It is also obvious that for purposes involving brazing, 
it is preferable to use the lower carl)on stainless iron 
than material of higher carbon content, because the former 
air hardens to a very much less degree than the latter, 
especially from temperatures not much higher than the 
Ac.l point. By using the lower carbon material, the bad 
effects of an accidental overheating in the brazing operation 
are very much less marked than they are with the higher 
carbon steel. 

Using the Vjrazing mixture mentioned above, pieces of 
stainless iron strip, 2 in. wide, ~ in. thick, have been brazed 
and then, without further treatment, the strip bent through 
180° close to the joint without the latter showing any sign of 
failure or the strip in the neighbourhood showing the least 
sign of cracking. 

When colour in the brazed joint is of importance, c.g., 
in the brazing of silver or silver plated handles on to stainless 
steel blades of table knives, the following mixture has been 
found suitable ; — 

Copper ... ... 27 per cent. 

Zinc 11 „ 

Silver ... ... 62 

Soldering and brazing have only a limited use in con- 
nection with stainless steels. Neither process should as a 
rule be used for the manufacture of chemical equipment, not 
only because the solder or brazing metal is likely to be less 

KK 
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distant to many chemicals tKan the steel, but also because 
the presence of dissimilar metals in contact in such plant is 
likely to cause elebtrochemical action. Generally speaking, 
when a fusion joint is essential, autogenous welding is prefer- 
able to either brazing or soldering. Soldering, however, is 
frequently a useful method of making joints in dairy equip- 
ment where it is essential that the joint should possess a 
perfectly smooth surface ; the solder should of course have a 
sufficiently high content of tin to be unacted upon by the 
dairy produce. Brazing is widely used at present by turbine 
manufacturers as a means of fastening blades in position and 
of attaching lacing wires and shrouding rings to the blades. 
These seem to be the main uses of these two processes. 



SELECTION OF STEELS FOR INDUSTRIAL 
PURPOSES 
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SELECTION OF STEELS FOR INDUSTRIAL PURPOSES 

Stainless Steels were discovered rather less than twenty 
years ago ; the data given in the preceding pages suggests 
that already the material included in this category covers a 
wide range of products, differing materially in chemical com- 
position and mechanical properties. The complexity of the 
subject has already aroused comment among engineers, who 
have asked why there are so many kinds of corrosion-resisting 
steels and how is a would-be user to select from the numerous 
varieties one to satisfy his own particular requirements. 

There are good reasons for much of this seeming com- 
plexity. In the first place, the engineering profession, from 
long usage of ordinary steel, has come to regard this metal as 
one possessing a very wide range of hardness values. It is 
desirable, therefore, that stainless steel be producible in forms 
equally soft or hard, as the case may be, so that any stainless 
steel part may have mechanical properties similar to those 
which experience has shown to be most suitable in the ordinary 
steel article it replaced. 

Secondly, it was found that stainless steels were not 
resistant to any and every form of corrosive attack. The 
continually widening sphere of their applications revealed 
weaknesses in their chemical stability, and continuous 
endeavours have been, and are being, made to produce new 
varieties of the steel which will give satisfaction where 
previously failure has resulted. 

But it may be asked, why not discard the older, less 
resistant types, and concentrate on the manufacture of the 
newer, more resistant alloys ? The avoidance of*unnecessary 
multiplication of products by the standardisation of one or 
two types would lead to cheaper and more economical manu- 
facture. This has already been done to a considerable 
extent, but there are at least two good reasons why a variety 
of types should still be manufactured, the possible economies 
of further standardisation notwithstanding* In the first 

617 
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place, some of the modern complex alloys are mud^ more 
expensive than their simpler prototypes, and it is not 
economical to use a very expensive alloy when one consider- 
ably cheaper will give perfect satisfaction. The advantages 
of using alloy steels for many purposes are realised the 
engineering world but the widespread use of these steels has 
not made ordinary carbon steels obsolete, nor is it likely to 
do so. The former are employed when their special properties 
can be used to advantage. 

Similarly, if one of the simpler types of stainless steel 
resists perfectly satisfactorily the attack of steam, for 
example, it is not necessary or even desirable to cease its use 
for this purpose because it is not equally stable against the 
action of boiling acetic acid, or some other very corrosive 
chemical. Secondly, the question of mechanical properties 
is often of equal importance to corrosion resistance and in 
regard to the former properties, some of the simpler types of 
stainless steel have great advantages, in that they respond 
well to heat treatment operations ; generally the complex 
forms do not. Under mechanical properties, must also be 
considered ease of fabrication by ordinary workshop processes 
and this frequently exerts a notable influence on the selection 
of steels for various purposes. 

Commercially, however, the subject is not so complex as 
would appear. Experience, and the necessity for as great a 
measure of standardisation as is practicable, has led to the 
use of half a dozen types of the steel whose salient features 
may be summarised as follows : — 

(1) Stainless irons and steels containing 12/14 per cent, 
chromium : a family of steels, which, of all those classed 
under the term stainless, most readily approaches ordinary 
carbon steel in the extent to which mechanical properties 
can be influenced by heat treatment processes and by 
variation in carbon content. This group may be regarded 
as a series of high tensile steels possessing great corrosion 
resistance. 

(2) Stainless irons containing 16/20 per cent, chromium. 
These are soft alloys which, in general, are brittle under 
impact and are not amenable to heat treatment operations. 
An exception in this respect is the special “ Brearley * K * ” 
brand of Messrs. Brown, Bayley’s Steel Works, Ltd., which 
possesses a considerable measure of toughness. 
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Steels containing about *25 or 80 per cent, oliromium 
together with not more than about 0*5 per cent, carbon may 
also be included in this grotip. These steels have 
mechanical properties very similar to .those of the 16/20 
per cent, chromium irons except tliat they are somewhat 
harder and less ductile than the latter. They arc mainly 
used for heat resisting purposes. 

(3) Low carbon steels containing 16/20 per cent, 
chromium, which possess the (Opacity of being hardened 
and tempered, due to a small content of nickel. The 
mechanical properties of these steels arc influenced by heat 
treatment and by variation in carbon content in a similar 
manner to those of group (1) though the available range 
of hardness values is more restricted than in the latter. 

(4) Austenitic chromium-nickel steels of which the 
Knipp “ V.2.A.*’ is the prototype ; these are the most 
generally used of the austenitic steels. They may only 
be hardened by cold work and the effectiveness of heat 
treatment operations is confined to the removal of cold 
working effects and the production of certain structural 
characteristics necessary from the point of view of stability 
against corrosive attack. 

(5) Steels of group (4) whose resistance to certain severely 
corrosive chemicals has b(‘en increased by the addition 
of such metals as copper, molybdenum, silicon, tungsten. 

(6) Austenitic steels of high nickel content whose main 
features are great strength and resistance to oxidation at 
high temperatures ; their chromium content may vary 
considerably, depending on the service required of them, 
and additions of other metals, e.g., tungsten and silicon arc 
occasionally made in order further to enhance their special 
properties. 

In this guise, the apparent complexity of the situation is 
reduced considerably, and particularly if it be understood 
that those steels classed in groups (5) and (6) are to be re- 
garded as .special purpose materials with, as yet, a limited 
application. The other four groups are necessary as regular 
products to meet the varied requirements of the engineer. 
There is an old German proverb to the effect that trees do not 
grow up to heaven ; in its implication of lack of perfection, 
the proverb is particularly true of steels in general and stainless 
steels in particular. The early corrosion resisting steels of 
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group (1) were found to be lacking in the degr^ of their 
corrosion resistance. Efforts to improve them iti this respect 
were successful but led at the same time to the partial or 
complete loss of the characteristic feature of response to 
hardening and tempering operations which these 'steels 
possessed in common with ordinary carbon steels. As a 
result^ the selecrtion of a suitable stainless steel for a particular 
purpose from among the six groups listed above involves 
frequently a compromise between the conflicting requirements 
of corrosion resistance, mechanical properties and ease of 
fabrication into various forms. 

The first commercial use of stainless steel was for the 
manufacture of cutlery and by now the composition of 
material for this purpose has become practically standardised; 
about 12/14 per cent, chromium and 0-8 per cent, carbon is 
the rule’'^ though, as has been noted in a previous chapter, less 
chromium than this suffices to produce a knife which will 
retain its polish perfectly under ordinary domestic use. 

For the manufacture of table or kitchen ware — forks, 
spoons, dishes, saucepans and such like articles — soft material 
capable of being cold worked easily is required. Either 
stainless irons (preferably containing not less than about 
14 per cent, chromium), or the austenitic chromium nickel 
steels of group (4) are suitable. The former are more easy 
to fabricate in some cases, but the latter have generally a 
rather more pleasing colour when polished. 

From its initial use for table cutlery, obvious steps led to 
the adoption of stainless steel for other kinds of knives (e.g., 
pocket knives, and those of a more or less technical applica- 
tion) and for scissors and surgical instruments. Surgical 
knives are made of steel similar to that used for cutlery ; for 
instruments possessing no cutting edge but requiring a certain 
degree of springiness (e.g., forceps of various kinds) a steel of 
lower carbon content — 0*15 per cent, or so — is suitable. 

The use of the austenitic steels for parts of dentures 
seems to have advanced to a considerable extent in Germany, 
largely owing to the efforts of the famous Essen firm. Steel 
of this type would appear very suitable for this purpose from 
the standpoint of both strength and corrosion resistance. 
Probably the greater difficulty in working it as compared with 

* oontexits of carbon (0*6 per cent) and chromium (16/18 per cent.) 

appear to be used to sotne extent in America. It is difficult to see what possible 
advantage such a steel can have over the standard form used in ibis country. 
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the non-ferrous alloys generaHy usedi^ particularly in regard 
to the making of hard soldered joints, lias been largely 
responsible for the slowness of its adoption by the dental 
profession in countries outside Germany. 

No great strength is generally required of ornamental 
fittings, and hence one can use for their manufacture the very 
high chromium irons, e.g., 17 to 20 percent, chromium, which 
are distinctly more resistant to general corrosion than those 
of lower chromium content, but are usually not nearly so 
tough as the latter. Alternatively, one may employ 
the austenitic steels ; these arc, indeed, superior to 
the irons if castings are necessary, and they are also generally 
preferable for outdoor use in urban districts owing to their 
greater resistance to sulphuric and sulphurous acids, small 
amounts of which are likely to be present in the atmospheres 
of such places. 

Tlie use of stainless steels, and particularly the austen- 
itic varieties, for household fittings, especially for bath rooms, 
has attained considerable proportions. Rather more recent 
is its more general application in architectural work. The 
bright surface of the steel, when either polished or suitably 
descaled, lends itself for decorative effects and one may note 
its increasing use for both indoor and outdoor fittings for 
shops and other large business establishments. A number of 
shop fronts, erected recently both in London and the provinces, 
have embodied stainless steel fittings. The fa 9 ade of the 
Savoy Hotel in London will be familiar to many, but perhaps 
the most striking example of its use for this purpose is found 
in the Chrysler Building in New York ; the whole of the 
tow’^er surmounting this building is encased in sheets of 
austenitic steel containing about 18 per cent, chromium 
and 8 per cent, nickel. Many of the internal metal fittings, 
e.g., for windows and doors, are also made of the steel, some 
500 tons of which w'ere used in the construction of the building. 

Owing to its high reflecting piower when polished, and 
also the permanence of such a surface, stainless , steel is an 
ideal material for reflectors for flood and other lighting 
purposes. At the present time, a prominent feature of the 
London skyline is a tower on which letters constituting the 
name of a well-known food product are fashioned in polished 
stainless steel sheets and are illuminated at night time by 
hidden flood lights. • 
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The last few years have ^provided an equally notable, 
though quite dirferent, architectural use of stainless steel, 
namely for the preservation of old and valuable buildings. 
The renovation of St. PauPs Cathedral has attracted con- 
siderable attention and it may be interesting if some technical 
considerations underlying the selection of suitable steels for 
this purpose are briefly considered. As the work was intended 
to be as permanent as the wit of man could make it, the most 
resistant steels were necessary. The choice lay between the 
hardenable high chromium steels of the “ Twoscore ” type 
and the austenitic chromium-nickel steels. The former 
possess the high yield point and other mechanical properties 
of a hardened and tempered steel ; the latter arc characterised 
by a very low yield point. Hence where ability to withstand 
high stresses without permanent deformation was essential, 
the hardenable steel had obvioiis advantages. 

Probably the dome of the cathedral caused the greatest 
anxiety. The fabric consists here of a triple dome supported 
by a double drum of masonrj% surrotmded by an open 
colonnade visible from the street, the whole being finally 
supported from the foundations on eight massive piers. The 
latter are eccentrically loaded and were constructed of very 
poor material. The defective material has been reinforced 
by pumping concrete grout into the interior of the piers and 
by inserting massive tie bars of stainless steels, but the 
eccentric loading of the piers has a tendency to push them 
out of the vertical and allow the drum to spread in diameter. 
This tendency is accentuated by seasonal variations in 
temperature ; the drum expands in hot weather but, owing 
to the poor tensile strength of masonry, does not contract by 
an equal amount when the temperature falls. 

To stop the progressive spreading of the drum with the 
attendant evils in the supporting piers, two stainless steel 
chains have been constructed and fitted. The first chain 
encircles the outer drum wall of the dome structure at a point 
just below the Whispering Gallery. It comprises an articu- 
lated chain of the pin and link type, built up of three full 
links alternating with two full and two half links,,the section 
of a full link being three and three-eighth inches square. The 
total length of this chain, is about four hundred and fifty 
feet and it weighs about thirty-five tons. The second chain 
forms a thirty-two sided piilygon and is fitted round the 
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bases of the thirty-two bastions to the outer wall of the 
drum at the level of the clerestory walk, ^his chain is also 
of the pin and link type, the links being of similar design to 
those in the first chain, and is considerably longer than the 
lattef! At eight points, tie rod attachments are fitted for 
tangent anchorages into the four large bastions at the base 
of the drum. 

These claims are designed to withstand a load of a 
thousand tons which, it is anticipated, will be sufficient to 
prevent any further increase in drum diameter. It may be 
noted that each chain has an effective cross-sectional area 
of some thirty-four and a quarter square inches; at 
maximum load, therefore, the intensity of tlie stress in the 
steel is approximately twenty-nine tons per square inch, 
a figure made possible by the use of a hardenable steel,* 
Obviously the chains must not deform plastically under the 
stress imposed upon them or they will no longer give the 
necessary support to the masonry. Had the austenitic type 
of steel been naed, it would have been necessary to limit the 
stress intensity to about one-third of the value adopted, with 
the result that chains three times as heavy would have been 
required, an obviously undesirable addition both to the 
weight to be supported by the piers and to the cost of the 
steel reinforcement. 

In other parts of the reinforcement, e.g., tie rods em- 
bedded in masonry, where ability to withstand high stresses 
without plastic deformation was not so essential or where a 
lower ratio of strength to weight could be adopted, the 
austenitic steels were no longer unsuitable on mechanical 
grounds and considerable quantities of these steels were 
effectively used in this manner. 

Equally with the architectural world, the motor industry 
is now turning its attention to the merits of corrosion resistant 
steels. At least one well-known make of car is being entirely 
equipped^ with polished metal fittings of stainless steel. 
Probably the claims of the steel in this respect; have been 
overshadowed during the last two or three years by chromium 
plating, but the advantages of using a material which does 
not depend for its surface stability on the adhesion of a thin 
metallic coating are being realised. Many metal fittings for 

* Tine properties specified were : minimtun proof stress, 30 tons per sq, in, ; 
tensile strength, 45/00 tons per sq. in. * 
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cars are pressed ^ from sheet ;* for these, capaeitj^ for deep 
drawing and ability to take and retain a highly polished 
surface are the main desiderata. Other fittings are most easily 
pnxiuced as castings. In both cases, the austenitic steels 
provide suitable material, though considerable quantities of 
high-chromium iron sheet and strip have been used for , 
pressings. 

The desire to extract the last ounce of power from a 
petrol engine has necessitated increased attention being paid 
to the materials of which the engine is built, in order that 
they may have^adequate strength for the demands made upon 
them under service conditions. Many interesting com- 
parisons could be drawn in this respect between the materials 
used twenty years or so ago and at the present time for 
similar parts ; and none more interesting than with regard 
to valves. 

Modern conditions in a petrol engine necessitates its 
valves, and particularly its exhaust valves, being heated to 
relatively high temperatures, and they must function 
properly while so heated. 

This problem first assumed considerable importance 
during the war, owing to the rapid development of powerful 
engines for aircraft. It was soon found that stainless steel 
had useful properties as a valve material and large quantities 
were so used during the yvar. Indeed, the manufacture of 
valves was the second major commercial use of stainless steel. 
Since that time the valves of engines used for other purposes 
than aircraft have been fabricated from various heat resisting 
steels, more or less allied to the “ stainless ” family. 

The properties desirable in a valve steel were summed 
up very concisely by Aitchison.* Apart from such important 
features as ease of forging, of heat treatment and of machining, 
which concern the production of a ’valve rather than its 
performance, a valve steel should possess the following 
properties : — 

(1) The greatest possible strength at high temperatures. 

(2) The highest possible impact value. 

(8) The least possible tendency to scale, and if scaling 
does occur, the scale should be as adherent as possible. 

• **ValTe Steels for Internal Combustion Eneinos.’' Proo. Inst. Auto, Eng. 
Vol. XIV (1919), p. 31. 
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(4) The ability to retain its original pljysicai properties 
after repeated heatings to high temperatures followed by 
cooling to atmospheric temperature, also after being 
heated to an elevated temperature for a considerable period 
of time, 

(5) No liability to harden when cooled in air from the 
temperature it will attain when used normally as a valve 
in an engine, 

(6) Sufficient hardness to withstand excessive wear in 
the stem. 

(7) The capacity of being hardened at the foot of the 
stem with considerable ease if necessary. 

The list is very comprehensive and some of the desired 
properties are rather conflicting. 

Inlet valves give the least trouble ; in many cases, 
carbon steels are used and if a tougher product seems desirable, 
S per cent, nickel steel serves very well. A similar steel but 
containing in addition up to about 1 per cent, chromium is 
frequently suggested but it has the disadvantage that if it 
should reach a temperature of about 700° C. or over in 
service, it is liable to harden on subsequent cooling ; it is 
also more susceptible than the nickel steel to temper brittle- 
ness induced by prolonged heating between about 400° and 
550° C. 

None of these steels, however, possesses any great strength 
at temperatures above about 600° C. and exhaust valves 
frequently become hotter than this. To meet these more 
severe working conditions, several t^qjes of “ stainless ” steels 
have been used, the most important having the compositions 
indicated below : — 


Murk. 

Carbon 

o,' 

• /o 
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% 

Chromium 

o/ 

is’iokel 
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— 
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— 

F. 
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• 
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Material A , corresponds ‘ to tihe ordinary ‘t cutlery ” 
quality stainless steel and was the first steel of the stainless 
family to be used for valves. Experience indicated, on the 
one hand, that the carbon content could be raised to some 
extent with advantage and, on the other hand, that so^much 
chromium was not essential, particularly if silicon were 
present to the extent of 1 per cent, or so, as in steel B. These 
two steels, A and B, are suitable if the valve does not reach 
in service a higher temperature than about 800° C. If 
raised above this temperature, they are liable to harden on 
cooling. A greater addition of silicon, as in steel C, raises 
the hardening temperature to about 950° C. This steel has 
also considerable strength at temperatures up to 700°/800° C. 
but above this, it rapidly becomes softer as was shown in an 
earlier chapter (see page 447). The cobalt chromium steel D 
has been used to some extent but it is expensive and it seems 
doubtful whether its properties at high temperatures are 
worth this high cost.* 

Austenitic steels, such as E and F, are considerably 
stronger at temperatures above about 700° C. than any of the 
previous steels ; in addition they have no tendency to air 
harden after being heated to any temperature. They have 
been widely used for exhaust valves working under very 
severe conditions. They are expensive but have been found 
to justify their cost. 

Summing up, it may be said that valve conditions may 
be classified broadly into four groups ; — 

(1) Valves (generally inlet valves) whose working 
temperature is less than about 600° C. Carbon steels or 
8 per cent, nickel steels often meet these conditions satis- 
factorily. 

(2) Valves which may reach a temperature not higher 
than about 800° C. Steels A and B are suitable, the latter 
being somewhat cheaper and also somewhat stronger at 
working temperatures. 

(8) Valves working under very severe conditions, i.e., 
whose working temperature exceeds about 800° C, or 
where very great strength while hot is desirable. Austen- 
itic steels such as E and F should be used in these cases. , 

(4) An intermediate set of conditions which are satisfied 

* AitcHson (2bc. cU,) oonduded that they were net. 
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by sted C ; these are mainly Avhere resistance to scaling 
and freedom from airhardening effects at temperatures up 
to about 950^ C. are necessary but where it is possible to 
design the valve so that the stresses set .up under working 
conclitions are within the capacity of this steel. 

The ability of stainless steels to resist corrosion and 
erosion makes them extremely suitable for many parts in 
connection with steam and hydraulic service. It may be 
useful to deal briefly with the selection of suitable steels, and 
their heat treatment, for these purposes. 

It is generally assumed by engineers that leakage past 
steam valves is caused mainly by foreign matter being 
trapped between the valve and valve seat. Their faces 
become indented and the slight leakage which is thereby 
produced rapidly becomes serious owing to the erosive action 
of the steam escaping via the damaged portion of the Feat 
or valve face. A hardenable form of stainless steel may be 
made much harder than most other valve metals and is less 
likely than the latter to be damaged by trapped foreign 
matter. Moreover, should it be so damaged, it will be less 
eroded — if at all— by the escaping steam. Experience 
extending over several years has shown that steel containing 
12/14 per cent, chromium and 0*2/0 8 per cent, carbon is 
particidarly suitable for steam valves. Both valve and seat 
may be given a Brinell hardness value of 870/400, a suitable 
treatment being airhardening from 950^ C. followed by 
tempering at about 800° C. to relieve hardening stresses. 
Parts to be so treated should be machined to size (plus 
grinding allowance where necessary) before treatment ; after- 
wards they should be pickled and then machine-ground on the 
working faces. Alternatively, for ease of fabrication, the 
valve seat may be tempered at about 600° C. after hardening, 
so as to give a Brinell hardness value of about 270 ; it may 
then be machined after heat treatment. If this course is 
adopted,. the valve should bt‘ so designed that the harder 
valve face overlaps that of the softer seating ; by this arrange- 
ment, cutting and grooving of both faces, owing to pressure 
between the two, is avoided. 

As indicating the type of service obtainable from stainless 
steel steam valves, it may be mentioned that a safety valve 
of the “ Ross ’’ type, made of this steel, was tested on a 
locomotive of the Great NortKfem Railway of Ireland ; the 
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railway company reported thirt: after two years* service at a 
working pressure of 175 pounds per square inch, it was as 
good as new, whereas bronze valves never lasted more than 
two months. Stainless steel safety valves fitted to shunting 
locomotives in daily use at Messrs. Brown, Bayley’s Steel 
Works, Ltd., have been in service over five years and have 
not once required “ grinding-in ” ; steam stop valves for 
injectors and steam jets on the same locomotives are still 
tight after three to five years* service. The steam pressure 
on these locomotives is 140 pounds per square inch. 

If wet steam is being dealt with or if condensation may 
occur frequently of over fairly long periods, it is preferable 
to use the higher chromium steels of the “ Twoscore ” type 
so as to avoid the chance of electro-chemical attack occurring 
due to contact with copper alloys. “ Twoscore ” steel is 
thus preferable for injector cones, feed check valves, blow off 
cocks and water gauge fittings. This steel should be heat 
treated so as to possess hardness values similar to those 
recommended for the low^er chromium steel. Steel of this 
type (or alternatively an austenitic steel of the “ V.2.A.’* 
class) should also be used for the spindles of steam stop 
valves ; greater freedom in the choice of packing material is 
thereby possible ; sec pages 325 et seq, re contact corrosion. 

In passing, the results of tests on different packing 
materials may be cited as evidence of the superior resistance 
to wear of stainless steels. For these tests, which extended 
over a period of three years, two similar “ Weir ” pumps 
W'ere employed ; in one of the pumps, carbon steel was used 
for the steam piston rod and, in the other, stainless steel ; 
similar packing being fitted in both cases. The tests were 
primarily carried out for the purpose of noting the relative 
wear of the two steels, the tests on various packings being a 
secondary consideration, but they sHow^ed that the type of 
packing used was of considerable importance, inasmuch as 
it influenced not only the amount of wear of the rods but 
also the relative efficiency of the stainless steel. 

When a greasy graphited asbestos packing was used, the 
amount of wear of the carbon steel was five times that of the 
stainless steel ; on substituting a rubber asbestos packing, 
the ratio rose to 56 to 1 whereas when use was made of a 
packing composed of rubber, asbestos and white metal and 
having a wearing face consisting largely of the last named, the 
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ratio was 8 to 1. The actual amount of wear of the stainless 
steel during similar periods was about the same with all the 
packings, the loss in diameter being 4ibout 0.0005 inches in aU 
cases. The carbon steel, on the other hand, was extremely 
sensitive to the type of packing used, the amount of wear of 
these rods during similar periods varying between 0 025 
and 0*0140 inches. 

A word as to details of construction may not be out of 
place here. If a cast iron or east steel valve body be em- 
ployed, the stainless steel seating may be simply pressed into 
position. Should the body be of a copper alloy such as bronze, 
however, it is necessary to screw in the seating or else make 
a rigid' attachment by means of bolts, otherwise, owing to the 
coefficient of expansion of stainless steed being much less than 
that of bronze, the seat would become loose when hot and 
lift with the valve, making the latter inoperative. For the 
same reason, stainless steel plugs fitted in gunmetal or bronze 
bodies must be given an ample taper ; at least 1 in 2l if the 
cock is intended for hot work. A smaller taper will result 
in the plug binding in the body when the two cool down. 
The gunmetal body of such a cock may be expected to fail 
sooner or later by erosion, necessitating regrinding ; for this 
reason a harder alloy, e.g., of nickel-copper, would be more 
suitable for the body. It is undesirable to use stainless steel 
for both plug and body owing to the probability of seizing 
occurring. 

Should “ grinding-in ” be necessary in a stainless steel 
valve, the faces of the valve and seating should be smeared 
with a small amount of fine carborundum paste and the two 
then lightly ground together by hand. Only the lightest 
pressure should be exerted and after two or three turns the 
faces should be cleaned. If these precautions are taken, the 
operation is simple and sure, but if too much pressure is 
exerted or the faces are not regularly cleaned, the metal is 
likely to seize 5 ^nd tear, giving a rough surface difficult to deal 
with. 

It is well known that when two pieces of ordinary steel 
are rubbed together under pressure there is a distinct ten- 
dency for the surfaces to seize. The tendency is still greater 
in the case of stainless steels and, if ignored, may lead 
to considerable trouble. The surfaces of screw threads in 
stainless steels must always be'finished very smoothly and 

LL 
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nuts should fit es^sily on the bblts on which they are to work, 
otherwise seizing may occur when the nut is being run down. 
For the same reason, if stainless steel discs and seats are used 
in valves of the parallel flow type, the faces will probably 
score due to seizing. The tendency for this to occur may be 
reduced by making both disc and seat as hard as possible 
(e.gt, with a Brinell hardness value of 400/450) but generally 
speaking it is advisable in valves of this type to make the 
seating of a hardenable stainless steel and the disc of a good 
nickebcopper alloy ; e.g., one containing about 55 per cent, 
nickel and 85 per cent, copper, the remainder consisting of 
small amounts of tin, iron, zinc, etc. There is no tendency for 
such a combination to seize. In valves of this type, erosive 
attack is more severe on the seating than on the disc, the 
latter being out of the path of the steam when the valve is 
fully open ; hence the more resistant metal, stainless steel, 
should be used for the seating and the softer nickel-copper 
alloy for the disc, rather than vice versa. 

The benefits resulting from an intelligent use of stainless 
steel parts are equally evident in hydraulic work. Actually 
this was recognised some years before the use of the steel for 
steam valves was thought of, a result probably due to the 
fact that steel works are amongst the largest users of hydraulic 
power and were thus likely to suffer from the failure of the 
metals, previously obtainable, to stand up to the severe 
demands made upon them. It is a fact that either late 
in 1918 or early in 1914, three large stainless steel rams were 
fitted to a forging press pump in a Sheffield works and 
to-day, seventeen years or so later, they arc still in service. 

Mild steel rams and spindles deteriorate in more ways 
than one. Corrosion proceeds continually though it is not 
always visible ; reciprocating rams, for example, appear 
bright while at work because the packing continually wipes 
off the nist which is formed. The latter, however, embeds 
itself in the packing where it acts as an abrasive, scoring the 
surface of the rod. Leakage through the packing results 
and this is corrected by tightening up the latter, thus 
accelerating the abrasion and scoring of tlie rod. In addition 
to the cost of renewing parts thus worn, the delays due to 
stoppages for adjusting packings amount in the aggregate 
to a serious loss. 

Bronze is sometimes u^ied as a substitute for mild steel ; 
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but although it is less likely lo suffer coirosion, it is easily 
scored or abraded owing to its softness and it has a relatively 
low crashing strength. Hence it is seldom satisfactory 
with high pressures. 

the other hand, stainless steel is not oaily much 
more resistant to corrosion than bronze or mild steel but it 
can be made much harder than either ; hence it is less easily 
abraded or scored by packings or eroded by water containing 
solid particles in suspension. In order to develop these 
properties to the greatest degree, pump rams or plungers of 
stainless steel should preferably be rough machined and 
then hardened (e.g., at 950° C.), followed by tcimpering at 
about 800° C. to remove hardening stresses. If screwing 
or further machining is required at one or both ends, the 
ram or plunger should be locally tempered at abo\it 650° C. 
at these parts. The body of tlie ram or plunger, being 
hard, should be ground to size. Prepared in this manner, 
it will have, under ordinary working conditions, a life far in 
excess of that to be expected from the use of any other 
known metal. 

Experience over a number of years has shown that the 
use of stainless steel for pump rods, piston rods, rams, as 
well as for valve parts and similar purposes, has led to 
considerable economies due not only to the longer life of the 
respective parts but also to increased life of packings, reduced 
number of stoppages for repairs -and therefore increased 
output from plant — ^reduction of losses through leakage and 
lower frictional losses of rams and piston rods. As giving 
some indication of the relative wear of bronze and stainless 
steel, the follovung example of two hydraulic pump rams 
working under identical conditions mjiy be quoted. The 
rams were 1-5 inches diameter; after one month’s service, 
one of them, made of bronze, had been reduced 0*014 inches 
by wear. The other ram, of stainless steel, wore only 
0*005 inches ip nine months. The pressure in each case 
was two tons per square inch and “ Talerom*” packing 
was used. 

In another case, a 8^ in. ram of stainless steel worked 
for two and a half years with water at a pressure of 860 lbs. 
per square inch and was then reduced in diameter by 
0*006 inch only ; at the same time the average life of the 
leather U ” packings was nine months. The abnormally 
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long life of U V leather packing, when used with stainless 
steel rams, is one of the most outstanding features of the 
use of this material and leads to very considerable economies 
in the upkeep of 4iydrs.ulic appliances. That lessened wear 
on the leathers would be found is understandable, because 
the hard stainless steel ram takes a high polish and retains 
this polish in use ; owing to its hardness it is not easily 
scored* The actual increase in life of the leathers is, however, 
considerably greater than would have been anticipated. 

Economies arising from the use of stainless steel in 
steam and hydraulic plant, and due to reduction in loss of 
time due to stoppages, are very considerable and in general 
far exceed the initial cost of the stainless steel part. The 
following example is typical of many others which have 
been brought to the author’s notice. During the w^ar period, 
a phosphor bronze valve in connection with a 1,200-ton 
forging press was constantly giving trouble. It required 
“ grinding-in ” every three weeks and although this was 
done regularly, troubles leading to stoppages were of frequent 
occurrence. At this period, stoppages were particularly 
obnoxious and moreover very costly ; in this case it was 
estimated that tlie loss due to stoppage was of the order 
of £1 per minute. A stainless steel valve was fitted ; during 
the next two years the valve never required “ grinding-in ” 
and no stoppages due to valve trouble occuiTcd. 

Stainless steel has also been effectively used for parts 
of water turbines, particularly for needle valves. The 
latter, when made of other m(*tals, suffer severely from 
erosion, especially if the water contains solid impurities, and, 
as irregularities in the surface of the valve have an adverse 
effect on the steadiness of the jet and the efficiency of the 
turbine, the matter is of considerable importance. Stainless 
steel needle valves retain their original smooth surface after 
long periods of service, and the absence of friction and the 
complete regularity of the jet enable the efficiency of the 
machine to be maintained at a high figure. 

Generally speaking, the type of stainless steel most 
useful for hydraulic plant is that containing 18/20 per cent, 
chromium together with sufficient nickel (about 2 per cent.) 
to make it hardenable. The 12/14 per cent, chromium steel 
is suitable in some cases but tlie greater resistance of the 
higher chromium materiar against electrochemical attack. 
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due to contact with copper alloys or with graphite, and 
against contact corrosion generally (see page 825) makes its 
use desirable. Tlie austenitic steels of the V.2.A.’* family 
are also equally satisfactory on these* groiinds but they are 
not so resistant against erosion and abrasion. 

For parts required in the east form, e.g., impcllors and 
Pelton wheel buckets, the austenitic steels are preferable 
owing to the greater ease with which they may be obtained 
in the form of satisfactory eastings. 

One of the most important engineering applications of 
stainless steel is for turbine blading. The modern tendency 
for the use of higher temperatures and pressures in steam 
plant has made very severe demands on the materials used 
for its construction ; and particularly does this apply to 
turbine blading. Materials which were satisfactory for the 
latter when low pressures and quite moderate superheats 
were the general practice, have proved quite inadequate to 
cope with modern conditions. Stainless irons and steels, 
however, have given very successful results under these 
conditions and, by now, the advantages following their use 
for blading have been generally recognised both by makers 
and users of turbines. 

The selection of the most suitable type of stainless steel 
for some particular turbine or part of a turbine is a matter 
in wJiich a number of factors arc involved. Of particular 
importance are those relating to the various methods of 
fabrication employed by different turbine builders because 
these may modify radically the properties possessed by 
the steel as it leaves the steelmaker. 

The properties desirable in a blade would appear to be, 
firstly, adequate strength (coupled with sufficient toughness 
and ductility) at the operating temperature to resist the 
forces set up during use ; secondly, the ability to retain 
its original shape and smootli surface, in other words, 
resistance* to erosion and corrosion by steam. On these 
grounds, therefore, one would expect a fairly h£erd form of 
stainless steel to be a satisfactory choice. The matter, 
however, is much more complicated. Blading is always 
required to conform within narrow limits to some special 
section and the blades must be very firmly fixed in position 
in the turbine. The necessary sjpetion, within the prescribed 
limits, may be obtained by machining and when this is 
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combined with phrely mechanical methods of fastening the 
blades, the problem presented to the steel manufacturer is in 
its simplest form. He can supply the steel he deems most 
suitable, for the particular set of conditions, in bar form 
heat treated so as to be in its best structural condition, with 
the comforting knowledge that the blading actually inserted 
in the turbine will possess this structural condition practically 
unchanged. 

The machining of blading from bars is a costly and 
wasteful procedure ; as a result, cold rolling or drawing 
processes are being used to an increasing extent to obtain the 
necessary sections. Hence a further requisite of the steel to 
be used for blading so produced is that it shall be capable of 
being cold worked with reasonable ease to the sections 
required. And in order that the cold rolling or drawing 
may not be too long a process, it is desirable that the hot 
rolled bar supplied for these operations shall approximate 
in size and shape to the finished article. 

As likely material for blading, the following groups of 
the stainless family may be suggested : — 

(1) Stainless iron containing 12/14 per cent, chromium. 

(2) Stainless steel of similar chromium but higher carbon 
content. 

(3) Hardenablc high chromium steel of the Tw^oscore ” 
type (16/20 per cent, chromium and about 2 per cent, 
nickel). 

(4) Austenitic steels of the “ V,2.A.” family. 

(5) Austenitic steels with a high nickel content, e.g., 
20/40 per cent. 

As regards ease of production in the form of hot rolled 
blading sections, stainless iron probably leads the way but 
all the first four groups arc producible commercially in this 
form. Steels of class (5) offer more difficulty. Some steels 
of this class have been produced in hot rolled blading sections 
but of others the commercial production of hot rolled bars 
is limited co those of simple section, such as round, square 
or rectangular. The rather high initial cost of such material 
is therefore increased considerably in blade form owing to 
the necessity of using wasteful and expensive machining 
processes. 

The relative ease of cold rolling or drawing th^ five 
groups of stainless steels depends on their initial hardness 
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and the rate at which they harden when cald worked. The 
first ttoee groups are similar in the latter respect and hence 
in their case initial hardness is the determining factor ; the 
stainless irons are thus the easiest to .handle and the others 
in order of their hardness. The austenitic steels of groups (4) 
and (5) are more difficult owing to their greater rate of work 
hardening ; this is perhaps the higher in those of group (4) 
but those of the other group have generally a greater initial 
hardness. 

The methods of fastening blading in position next 
demand attention because those employed by turbine 
manufacturers frequently necessitate the blade being wholly 
or partly heated to high temperatures. For example, the 
vanes of fixed diaphragms are frequently held between 
a cast iron centre and rim, and the whole is assembled by 
casting the metal centre and rim round the vanes, which 
have previously been inserted in their proper positions in the 
moulds. During the casting operation, the vanes are licated 
to above the melting point of east iron (approximately 
C.) and afterw'ards they cool down more or 
less rapidly, depending on the size of the diaphragm. In the 
case of turbines for marine work, the euvst iron may be 
replaced by phosphor bronze ; the operation is similar except 
that the temperature is likely to be somewhat lower owing 
to the melting point of the bronze being about 1,075® C. 
If the blading material hardens to any great extent as 
a result of these “ casting-in ” processes, the vanes will be 
comparatively brittle. 

The austenitic alloys do not harden at all when so 
treated and so would be quite satisfactory from this point 
of view, but unfortunately they suffer from certain defects 
which seem to render their use undesirable under such 
circumstances. In the first place, all these steels have 
normally a low yield point, and hence arc liable to deform 
under relatively low stresses when in this condition ; hence 
the cold-rolling of blades of these materials is resorted to, 
not only as a convenient meaiis of producing the required 
section but also to provide a stronger material. The idea is 
excellent providing it is remembered that the hardened 
blade thus producai must not be relieated to any temperature 
above about 450°/500® C., ^otherwise these enhanced 
mechanical properties are lost. This would obviously 
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occur in “ cast in ” blades. iJlore important still, however, 
the ‘‘ casting-in ” process is likely to affect seriously the 
resistance of these steels to corrosion, owing to the precipita- 
tion of films of carbide round the austenite grains whi^e the 
casting is cooling down. The rate of cooling of cast-in ” 
blades is not sufficiently rapid to avoid the formation of 
these carbide films, at least in the steels of group (4), and 
the requisite treatment to put the material in a proper 
condition (reheating to 1,000 ""/1, 200 C. followed by rapid 
cooling) is obviously impossible as it would lead to the cast 
iron rim and centre being ruined. 

Some of the austenitic steels with a high nickel content 
classified in group (5) arc much less subject to intergranular 
weakness and these may be used successfully for “ cast-in ” 
blades, particularly those for marine yvovk which arc embedded 
in phosphor bronze. 

In the case of stainless iron and the hardenable stainless 
steels, the requisite properties arc obtained in a satisfactory 
manner by the use of such of these materials as contain not 
more than 0 15 per cent, carbon ; vanes with not more than 
this amount do not harden unduly when “ east-in,” Tliis 
may be illustrated by a series of tests designed to show the 
influence of carbon content on this requirement. Strips 
about 6 in. long, 1 in. wide and ^ in. thick of steels con- 
taining respectively 0*10, 0*15, 0*18, 0*21 and 0*8 per cent, 
carbon were embedded in blocks of cast iron, about 
12 X 3 X 4 in. The blocks were east round the strips, the 
latter being placed iji tlie moulds in such a position that 
a length of two inches of each was embedded in the cast iron 
in the manner indicated in Fig. 230. After easting, the 
blocks were allowed to cool down in the normal way for 
eastings of such size. Prior to “ ca§ting-in,” all the strips 
had been hardened and tempered in order to put them into 
a tough, ductile condition. After the castings had become 
quite cold, the projecting ends of the strips wer^' bent through 
90^ at the ^points where they emerged from the block, as^ 
indicated by the left-hand strip in Fig. 230. All the strips^ 
of the steels containing 0*18 per cent, carbon or less stood 
this test successfully. Some of the strips containing 0*21 per 
cent, carbon also bent equally well, but others broke, and 
none of those of the 0*3 per cent, carbon steel could be bent 
in this manner without breaking. From these results,, 
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a carbon content of not more H;han 0-18 per cent., or better 
015 per cent., would appear to be desirable in the stainless 
material used for vanes treated in this manner. The lower 
limit ^is preferable as a measure of safety because the air- 
hardening capacity of these steels is affected by variations 
in their chromium and nickel contents. 



Fig. 230. Cast Iron Block and stainless Steel Strips used for testing 
the elEect of **Gastiag'in ’* on the hardness of the steel. Bee page 536. 

A test of this nature, while giving the most certain 
information, has disadvantages as an inspection test for the 
j-upply of material. Experience over a number of years 
has shown that a satisfactory indication of the likely 
behaviour of different consignments of stainless iron and 
mild stainless steel may be obtained by an ordinary bend test 
carried out on strip which has been heated to 1,000° C., and 
then cooled freely in air. Strip 1 in. wide and i in. thick 
is convenient for testing and, after treating as suggested 
above, it should give a minimum bend of 60° over a radius 
of J in. (i.e., 2T). The appropriateness of 1,000'' C. as 
a testing temperature will be evident from curves “ A ” and 
“ B ” in.Fig.J34, and “ C ’’ and D ” in Fig. 227, where the 
Brinell hardness numbers obtained from water-quenched 
samples of these materials are plotted against quenching 
temperature ; it will be observed that the hardness value 
reaches a maximum in the range 950°/l,000° C. 

Considerations of air-hardening capacity should also 
be taken into account in selecting material which has to 
be brazed. Brazing may bemused for actually fixing the 
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blade in position^— in which c&se either part or the whole 
of the blade may be raised to the brazing heat — or for 
fastening the blades to shrouding rings or lacing wires, 
operations generally involving a local heating only. , The 
temperature attained will depend on the particular brazing 
alloy used ; if this is the ordinary copper-zinc alloy, the 
temperature is likely to be about 950^/1,000® C. Special 
silver solders may be obtained, however, which melt at 
700® C. or thereabouts, and with these a much lower tem- 
perature suffices. 

From the point of view of absence of any induced 
hardness, austenitic alloys of group (4) would be admirable 
for brazing operations but, as in “ casting-in,” the effect on 
corrosion resistance may be serious ; hence the brazing of 
such steels is not generally advisable. Again it may be noted 
that some of the steels in group (5) are less subject to carbide 
precipitation and with these brazing is possible. 

There is no difficulty in actually brazing stainless iron 
or the liardenable steels ; the point to be remembered is their 
relative air-hardening capacity. The higher carbon steels 
harden appreciably on cooling from temperatures of 800® C. 
and over, and hence in their case the use of the special 
silver solder is imperative and, in addition, the operation 
requires a considerable degree of skill in order to ensure 
that the steel is not heated above 800® C. In fact, it is very 
likely under ordinary workshop conditions, such as obtain 
in the brazing of lacing wires, that the thin edges of the 
blades would be heated above this temperature. Herein 
lies the value of the stainless iron, which may be heated 
considerably above 800® C. before it acquires any appreciable 
air-hardening capacity ; and even if it is heated to such an 
extent as to produce distinct hardening effects, it still retains 
sufficient ductility to bend satisfactorily, as was indicated in 
the paragraphs relating to casting-in.” It is possible to 
braze stainless iron with the ordinary copperTzinc mixture 
and obtain good results, but many engineers prefer to use 
the lower melting silver solder and thereby leave the 
material in the brazed portion of the blade in a tougher 
condition. 

Summing up, it would appear that for blades to be 
brazed or "^cast-in,” the most suitable material to use is 
stainless iron. It is also the fnost easily fabricated by cold 



STEELS FOR- INDUSTRIAL PURPOSES 589 

* # 

working process and hence ft particularly useful for the 
blading of reaction turbines. Such blading is generally 
thin, and, as there is often a great deal of it, it is generally cold 
rolled^ or drawn to shape. Many of the blades are long 
(hence the material should be tough) and as a result are 
brazed at several places to lacing wires. From all these 
points of view, stainless iron has satisfactory properties. 
On the other hand, when blading is machined to shape or is 
fixed in position by purely mechanical devices, such as 
occurs sometimes with the short sturdy blading of impulse 
turbines, a harder steel may be used (providing it is machin- 
able), in order to obtain greater resistance to erosion, and 
there is no reason why it should not air-harden. In such 
cases a higher carbon steel, hardened and tempered, to give 
a tensile strengtii 50/55 tons per square inch may be used to 
advantage. 

Sometimes, instead of brazing the tips of the blades to 
a shrouding ring, they are passed through slots in the ring 
(which is often made of stainless steel strip) and then riveted 
over so as to form a tight fastening. This method is 
perfectly feasible with stainless iron and the austenitic steels 
and usually causes no difficulty with the hardenable stainless 
steels if the latter have a tensile strength not exceeding 
50/55 tons per square inch. 

It seems to be considered in some quarters, however, 
that in certain circumstances a more resistant material than 
the 12/14 per cent, chromium product is desirable. Under 
normal conditions, blading is subjected to the action of hot 
steam, wet or dry as the case may be, and, so far as may be 
judged from the results of several years’ experience, stainless 
iron and steel with the above mentioned chromium content 
successfully meet these conditions. It is sometimes stated, 
however, that in marine turbines, for example, salt is liable 
to be carried over into the turbine, due presumably to the 
presence^ of sgme sea water in the boiler feed water. If this 
did occur, . very severe corrosive conditions wojuld result, 
particularly if the salt were deposited as minute crystals on 
the blades. During the periods when the turbine was shut 
down, these blades would be subjected to the action of moist 
salt crystals, a particularly virulent corrosive condition 
from which no form of stainless steel commercially available 
is entirely immune. Having Regard to the measures which 
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may be taken determine and control the alkalinity of 
feed water, it would hardly be expected that such conditions 
as are suggested above are likely to occur in a turbine under 
competent control but, regarding them as a possijbility 
under less capable supervision, it should be pointed out that 
the 10/20 per cent, chromium steels of the “ Twoscore type 
are greatly superior to those of lower chromium content in 
their resistance to salt, and that the milder varieties of these 
steels (i.e., those with 0*1 per cent, carbon or so) behave in 
a similar manner, as regards air-hardening effects, to the 
stainless irons ; hence they may be substituted for the latter 
when their greater corrosion resistance is considered desirable. 

The question as to what is the most suitable matt^rial 
for the blading of turbines using very highly superheated 
steam (e.g., 400*^ C. and over) is still a moot point. It has 
been stated that the 12/14 per cent, chromium steels are 
not sufficiently resistant under such conditions, though the 
author, in spite of many efforts, has not been able to discover 
the evidence on which such an opinion could be based. If it 
be assumed that the property which is alleged to be lacking 
is adequate strength at such temperatures —it is hardly 
likely to be resistance against corrosive attack by steam 
as the experiments detailed in an earlier chapter (page 381) 
indicate that the 12/14 per cent, chromium material has 
adequate resistance against such attack at 550° C. — ^then 
greater satisfaction is likely to be obtained from suitably 
chosen austenitic steels of groups (4) or (5), because these 
have a distinctly greater creep strength ” at such tem- 
peratures than the hardenable chromium steels. Whether 
this greater strength is really necessary or whether, in the 
case of some steels of group (5), it is obtainable at an economic 
cost, are questions to which satisfactory answers are not yet 
forthcoming. 

In addition to the application of stainless steel in solving 
some of the problems met with in such district types of 
engineering jvork as steam and hydraulic service and turbine 
manufacture, there are many occasions arising in engineering 
or steel works where the use of stainless steel for some machine 
detail would result in a considerable saving, at least of 
trouble. For example, in the manufacture of railway tyres 
the steel for these is frequently cast in long ingots which are 
subsequently cut up, in pow^ful lathes, into blocks of the 
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necessary size. In two such iathes in use /at the works the 
author is connected with, the tool holders are ftttwi with 
bolts, nuts and traversing pinions made of stainless steel ; 
by so doing, much trouble due to the .rusting of similar 
parts* made from ordinary steel, causnig them to stick, has 
been avoided. In the same way, the main saddle taper 
wedges for the same lathes when made of ordinary steel were 
found to corrode at both ends, forming barrel-shaped wedges 
which caused the saddle to rock when the machine was at 
work. This has been avoided by making these parts of 
stainless steel. 

Gauges may be made very effectively from a cutlery 
quality stainless steel ; although it may not be given so 
high a hardness value as carbon tool steel, it resists wear and 
abrasion exceedingly wtH and this, combined with its 
resistance to corrosion, makes it a very effective material for 
such tools. Parts of meters and other instruments, which 
are subject to corrosive effects during use, may be usefully 
made of one or other types of stainless steel ; very often the 
corrosion of some part of an instrument has a detrimental 
effect on the latter’s accuracy and the elimination of this 
trouble is worth the extra cost of the steel. 

Mining equipment is notoriously subject to corrosive 
attack. Damp atmospheres, sometimes containing dele- 
terious gases, arc often a feature of mining w^ork and these 
have an extremely corrosive action on ordinary steels. 
Frequently mine waters contain acids and generally they 
contain much mineral matter in solution. Stainless steels, 
owing to their resistance against corrosive attack, offer great 
advantages under such conditions. 

Stainless steels of various types have by now become 
standard materials for the construction of aircraft ; already 
a number of specifications, covering their supply, have been 
issued by the British Engineering Standards Association 
and the .British Air Board. In most of these specifications, 
limits of anafysis are prescribed and the material must also 
satisfy requirements as regards mechanical properties. For 
parts of machines subject to attack by sea water or spray, 
either the high chromium steels of the ‘‘ Twoscore ” type 
or the austenitic steels of the “ V.2.A” class are selected on 
account of their greater resistance to corrosion. In other 
cases, the 12/14 per cent, chreanium steels serve admirably. 
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Broadly speakiiti^, the typos 'of stainless steels used can be 
groupcid in six classes. 

(1) Material of a relatively low tensile strength required 
either in bar of sheV^t form for parts not subject to high 
stresses. Stainless iron is generally used in this case ; 
if greater resistance to corrosion is desirable, the fully 
softened austenitic steels may be employed. 

(2) Medium tensile steel of the 12/14 per cent, chromium 
variety ; B.E.S.A. Specifications S.61 and S.62 cover the 
supply of such material, the carbon content of which is 
adjusted to suit the desired range of tensile strength 
(35/45 tons per square inch for S.61 and 46/52 for S.62). 
Material of this kind is used for a great variety of structural 
fittings which can be machined from bars, or forgings, 
which have been heat-treated to give the required 
mechanical properties. 

(8) Steel supplied to B.E.S.A. Specification S.80, which 
calls for a hardenable steel having a chromium content 
of 16/20 per cent., combined with better mechanical 
properties than those mentioned above, namely a minimum 
tensile strength of 55 tons per square inch together with 
good ductility and toughness figures. This material is 
widely used for high stressed parts, subject to severe 
corrosive attack (e.g., in seaplanes and flying boats), which 
can be machined from heat-tr<ated bars and forgings. 
Many aircraft firms use it as their standard material. 

(4) Material in sheet or strip form supplied in the 
softened condition and required to give high values for 
proof stress after fabrication and heat-treatment. 

Where corrosion conditions arc severe, low carbon steel 
containing 10/20 per cent, chromium is used.* The sheet 
or strip is formed into various shapes (sometimes welded) 
and then heat-treated to give specified tests. ^Sonrie typical 
values obtained from material of this kind ajre given in 
Table XXXII (page 152). 

For parts where the corrosion resistance of the 12/14 per 
cent, chromium steels is adequate, material of this type 
containing about 0-15 per cent, carbon is used. Many of 
the spars of the ill-fated airship R.lOl were made from 

* British Air Board Sj^ecification b.T.I). 60 A. 



STEELS FOR INDUSTRIAL PURPOSES 548 

« 

steel of this composition j the stnp\^s formed by . a 
patented process (with included heat-treatment) into 
light tubes of various sections which were used as spars. 
Some typical tests on strips of this type are given in 
Table CXXXIX.* ‘ * 


Table CXXXIX. 

Mild Siahiless Steel for Sjmrs. 

Tests on 20 gavge strip, air hardened from 1,000® C., ami then 
tempered as indicated. 
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'* These tests were obtained by Mr. A. G. Odgers, of Messrs. Boulton & Paul, 
Ltd., to whom the author’s thanks are due for jjermission to publish the results. 
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(5) Cold rol\fvi fetrip of atstenitic chromium-nickel steel 
which can be formed into various parts without heating 
above 400° C., at the most. The strip is usually supplied 
to specification?^ calling for a minimum proof stress together 
with adequate ductility and is often used for the con- 
struction of spars and other parts which can be built up 
from strip. The fabrication of these must not involve 
heating over 400° C., otherwise the properties induced in 
the strip by cold rolling would be removed to a greater or 
less extent, 

(6) Sheets for hulls of seaplanes and flying boats. 
Either the austenitic chromium nickel steels (fully softened) 
or low carbon steels of the “ Twoscorc ” type may be 
employed. In cither case the hulls arc fabricated by 
riveting, the rivets being generally so small that they can 
be closed cold. Welding has not been used to any extent 
on account of the impossibility of heat-treating the whole 
structure after fabrication, but the advent of the new 
austenitic steels which are much less susceptible to inter- 
granular attach (see page 288) may enable welded hulls 
to be constructed of such steels. 

Corrosion is one of the most serious, and perhaps the 
most costly, problem confronting the chemical engineer, not 
only on account of the added cost of production due to 
replacement of equipment and stoppages for repairs, but also 
because of the possibility of contamination due to catalytic 
action or to the* direct absorption of the products of corrosion 
of the equipment. It seems very probable that no single 
alloy will ever be produced which will offer a satisfactory 
degree of resistance to all chemicals. As will be gathered 
from the accounts given in Chapters V and VI, stainless 
steels are certainly not a panacea for all the corrosion ills and 
troubles which beset the chemical engineer, but their use is 
certain to afford him much help in dealing with many 
corrosive chemicals. Probably the outstanding example 
is in connection with the nitric acid industry ; many hundred 
tons of the steel hav^e been used for the construction of plant 
for dealing with this acid. Similar help may be obtained 
by its use for other acid liquors such as those containing 
organic acids or the weaker mineral acids. For example, 
equipment for the dyeing of textiles offers wide scope for the 
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effective use of these steels. Many dye TRu/ts contain small 
amounts of sulphuric acid and a satisfactory degree of 
resistance to such liquor mhy often be obtained from the 
austenitic chromium-nickel steels. Where the corrosive 
conditions are very severe, still better results are given from 
the more complex alloys, particularly those containing 
molybdenum. The advantages of a metal vat, which is 
unattacked by the dye liquor, does not absorb the latter 
into its texture and hence may be readily washed free from 
one dye liquor before use with another, and withal has 
a smooth surface which will not injure a delicate fabric or 
yam, should be apparent. 

Equally great opportunities occur in the handling of 
salts and other more or less neutral bodies, either organic or 
inorganic, which constitute so large a part of the “ heavy 
chemical ” industry. The longer life of plant, with its 
attendant savings due to decreased cost of upkeep and 
reduction of losses due to stoppages, together with the 
lessened risk of contamination of product, are advantages 
which make the employment of corrosion resisting steels 
profitable. It is hardly necessary to give any detailed 
suggestions as to the possibilities in this direction ; they 
may be illustrated, however, by the result obtained by the 
use of a stainless iron chain in a “ Juice Strainer ” in the 
sugar industry. Such chains are usually made of ordinary 
steel and they give considerable trouble owing to corrosion 
and rapid pitch extension. Two such chains, which have 
the form shown in Fig. 2S1, were installed side by side and 
ran for the duration of a crushing season. One chain was 
made of ordinary carbon steel, the studs, bushes and rollers 
being case-hardened ; the other was made entirely of stainless 
iron. After the season’s work, the stainless iron chain was 
found to have scarcely suffered ; the ordinary steel chain, 
on the other hand, was unfit for further use ; in fact, it had 
been necessary to insert bolts through the liollow studs to 
hold the side plates together in order that the chain might 
run to the end of the crushing season. This is e^lfent from 
the photographs Figs. 231 and 232, which show a short 
length of each chain at the end of the season’s work. Each 
piece is suspended by the middle joint and it will be seen 
that whereas the joints of the stainless iron chain are in good 
condition, those of the ordinary steel chain are very loose 
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and are only hel(j^fgether by the inserted bolts which are 
themselves appreciably corroded. 

A word as to the selection of steels for chemical plant 
may not be out of place here. The vital factor is, of course, 
resistance to the parlicular chemical under consideAtion 
and this may limit the choice of suitable materials. Of 
almost equal importai\ce, however, are the availability of the 
steels in the different commercial forms— e.g., castings, 
forgings, bars, plates, sheet, tubes, wire— in which steel is 
usually supplied and the ease with which they may be 
fabricated into various forms of plant. 

Most chemical plant, constructed of ferrous materials, 
is fabricated by ordinary boilermaker’s methods ; it is 
desirable therefore that materials used for the eonstriietiori 
of such plant should have properties approximating as nearly 
as possible to tliose of mild steel, on which these processes 
have be(‘n developed. For this reason, chemical equipment 
is usually made from one or other of the followijig types of 
stainless material : - 

(1) Stainless iron of either low or high chromium content. 

(2) Austenitic chruniiuni-niekel st(‘els of the ‘‘ V.2.A.’* 
type. 

(3) Sj)ccial austciiitic steels, either of the “ V^.2.A.” type 
modified by the addition of other metals (e.g., molybdenum, 
copper, tungsten, silicon) or else containing much more 
nickel than these. 

Of these materials, types (1) and (2) are most generally 
used, those of type (3) being reserved, on account of their 
higher cost, for those particular cases where the simpler 
alloys do not possess adequate resistance. 

It is not necessary to give here 'lists of chemicals for 
which these several classes of stainless steels may be used 
information in this respect has been given in earlier chapters — 
but it may be useful to deal briefly with the*ir response to 
fabricatidlf processes. 

For purposes where a stainless iron (of appropriate 
chromium content) or an austenitic steel seem equally 
serviceable — and this occurs with the particular chemical, 
nitric acid, for which these steels have been most widely 
used” the choice between two will be decided largely 



STEELS FOR JNDUSTR/kf PURPOSES 547 

by the method of fabricatiorf to be aid^rfed. If a rivetdd 
construction is desirable, the stainless irons have undoubted 
advantages ; they are more easily ri\'eted and caulked than 
the ^austenitic steels. In the form of plates*, they are aJsx> 
more easily bent, flanged or otherwise worked to shape. On 
the other hand, welded joints are much more satisfactory 
from a mechanical point of view in austenitic steels and when 
this method of construction is desired these steels are the 
better, provided always tliat either the welded vessel can be 
satisfactorily heat treated after the welding is completed or 
a suitable form of the steel can be obtained wdiich has 
been proved by stringent laboratory t(‘sts (sucli as that 
suggested on page 287) to be free from intcTgranular weakness 
under the fabrication conditions to w’hieh it w ill i)e subjected. 
If either of thes(‘ alternatives cannot be assurt^d, it is better 
to abandon welding and use a riveted construction. In tlic 
case of a ve ry large vessel, it may be possible to construed 
in sections, each of wdiich may be heat treated aft(‘r W(dding 
and then assemble these* heat treated s(‘Ctions by riveting. 

As a general rule, it is advisable to construct a v(‘sscl 
of one material only ; the risk of electroehemicHl aedion 
being set up if two different metals are in contact with each 
other is particularly great in cliemical plant. Contact wdth 
non-ferrous metals should be especially eschewod ; for this 
reason, the use of brazed or soldered joints in the construction 
of stainless steel plant is generally undesirable. It may be 
noted, however, that no such ill effects appear to be produced 
by the contact of austenitic steels of the “ V.2.A.” family 
with stainless irons of similar chromium content if the two 
are exposed to nitric acid. Extended observations regarding 
this absence of effect have been made both in the laboratory 
and in actual plant experience and an explanation is probably 
to be found in the action of nitric acid in increasing passivity. 
Whether this be the cause or not, however, the absence of 
any deleterious electrochemical action under tlicse conditions 
is exceedingly fortunate and valuable to the branch of the 
chemical industry concerned. 

Local cold deformation should be avoided as far as 
possible in the construction of chemical plant, particularly 
that intended with very corrosive chemicals. Such cold 
worked areas are liable to be attacked not only on account of 
their low^ered resistance, as in^cated in Fig. 175 (page 292) 
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but also Ixicauselti^ are apt^to become electropositive to 
the normal metal surrounding them, leading to selective 
attack. In the construction of tubular evaporators of the 
austenitic steels, for example, the tubes should fit the holes 
in the tube plates as closely as possible before expanding, in 
order that the amount of deformation produced by the 
latter operation may be as small as possible. For the same 
reason, the tubes themselves should be supplied in the fully 
softened condition so that they may be expanded as easily 
as possible and thus avoid the production of a highly distorted 
skin on the inner surface of a hard tube in an endeavour to 
produce a really tight joint. 

The high coefficient of expansion of the austenitic steels 
must be allowed for in plant constructed partly of these 
materials and partly of mild steel. A tubular evaporator, 
for example, may be constructed of austenitic steel tubes 
(and tube plates) fitted into a mild steel shell ; unless an 
expansion joint is provided, considerable stresses will be set 
up in the tubes and shell when the evaporator is heated. 
For the same reason, austenitic steel tubes should be expanded 
into tube plates of similar material ; if expanded into mild 
steel, for example, it is unlikely that the joints would remain 
tight after heating and cooling through any considerable 
range of temperature. Troubles of these sorts, however, 
would not arise if stainless iron were (employed as its co- 
efiicient of expansion is very similar to that of mild steel. 

In all cases where parts of plant handling corrosive 
liquors are subjected to alternating or repeated stresses, the 
combined effects of corrosion and such stresses in lowering 
the fatigue limits of steels (or other metals) must be very 
carefully considered by designers. Little data is yet avail- 
able regarding the actual values of corrosion-fatigue limits 
of metals in contact with specific chemicals but the data 
given in Table CXVI show that, when immersed in sea 
water, neither the austenitic steels of the “ V.2.A.” class nor 
the stainless irons have fatigue limits greater than 10/12 
tons per s^arc inch. It is probable that still more corrosive 
fluids, for example those containing free acids, would reduce 
the fatigue limits of these steels to still lower values. At the 
. same time, the values given for stainless steels in Table 
CXVI in regard to fresh water and sea water, though 
apparently rather low, are ystill considerably higher than 
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those obtained from ordinary steels o * the usual structural 
alloy steels ; on this account, the use of stainless steel for 
parts subjected simultane6usly to fatigue and to corrosion 
by water, or other similarly corrosive flipds, will frequently 
lead to increased life. 

The construction of large scale plant has progressed 
considerably during the last few years. The towers repre- 
sented in Rg. 233 are typical of what can be done in regard 
to plant erected on the site. Thcwse two towers, of riveted 
construction, and erected at the Billingham works of Messrs. 
Imperial Chemical Industries Ltd., are noteworthy ns they 
constitute, so far as the author’s knowledge goes, tlie first 
large scale equipment of high (lG/18 per cent.) chromium 
iron to be erected on the plant site. Previously the use of 
such high chromium irons had been confined to plant which 
could be fabricated in the boiler shop and then despatched 
complete to the plant site ; the fabrication of the two towers 
illustrated was rendered possible owing to the special 
properties of the “ Brearley K ” stainless iron to which 
reference was made on page 482. Towers of similar size and 
construction, but fabricated from austenitic steel of the 
“ 18 : 8 ” type, have also been erected at the same plant. 

The tower illustrated in Fig. 235 (forty feet long and 
five feet four inches diameter), also constructed of Brearley 
K ” iron, was under test at a pressure of 175 lbs. per sq. inch 
at the time the photograph was taken. It is also of riveted 
construction, the plates being sixteen mm, thick, and is 
probably the first of its type to be made in Europe. The fact 
that it was fabricated without any trouble and w^ith perfect 
success indicates the progress made in the construction of 
such plant. 

The welded tubes shown in Fig. 236 were made of 
austenitic chromium-nickel steel (“ Anka ” brand) and were 
heat treated and pickled after welding. Their size may be 
gathered from the six foot rule placed in front of the centre 
tube. ^ , 

These three examples are merely quoted to indicate that 
the fabrication of large scale plant has passed far beyond the 
experimental stage. 

Questions have been raised at various times regarding 
the rather low values for thermal conductivity possessed by 
stainless steels — see Appendix?^ page 539, — and the possible 
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effect of this on tlje efficiency of heat exchangers and similar 
equipment constructed of these steels. Generally speaking, 
the effect is negligible, even when the steels are used in equip- 
ment previously constructed of copper. The reason is not 
far to seek. Heat exchangers are generally constructe*d of 
thin plates, sheets or tubes of metal and experiment shows 
that in transmitting heat through such thin metallic partitions 
from a liquid or gas in contact with one side to a second fluid 
in contact with the other side, at least 95 per cent, of the 
resistance to heat flow is due to films of liquid which cling to 
the metal surfaces. As a result, a plate of a metal with a 
relatively low conductivity, such as stainless steel, will in 
general conduct heat through its substance faster than the 
heat can be supplied to it by a liquid with which it is in 
contact. As some evidence of this, the following experiment 
may be quoted. A bar of copper 12 in. long and in. 
diameter was drilled along its axis with a hole 5/16 in. dia. 
and 6 in. long. A thermocouple w'as inserted in this hole and 
metallic contact with the copper ensured by dipping the 
actual junction into a small amount of mercury previously 
placed at the bottom of the hole. The bar was then immersed 
in an ample supply of vigorously boiling water and the rate 
of heating of the thermocouple observed. The experiment 
was repeated with similarly prepared bars of mild steel, 12/14 
per cent, chromium steel and an austenitic chromium-nickel 
steel wdth the results given in Fig. 237. In this experiment, 
the possible effects of differences in metallic conductivity 
werc^ exaggerated, on the one hand by using bars of large 
diameter so as to give a long metallic path for the heat flow, 
and on the other hand by eliminating one liquid -metal 
inter-face and reducing the effectiveness of the other as much 
as possible by vigorous agitation of the water. In spite of 
tliis, the rate of heating of the thermocouple inside the 
. austenitic steel bar was not much slower than that in the 
copper bar, as is evident from Fig. 237. When such pre- 
cautions to ensure effective transfer of heat from liquid to 
metal wereTiot taken, no difference in the behaviour of the 
steel and the copper could be detected. For example, when, 
the copper and austenitic steel bars used for the last experi- 
' ment were placed in a gas-fired furnace at 700° C,, no differ- 
ence in the rate of heating of thermocouples placed inside 
them could be detected. It/ is evident, therefore, that the 
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use of st&iuless steels in heat Atchangcrs ob similar equipment 
will not cause any loss of efficiency in the latter.* 



Fui. -3<). TiaU*H of heating of barb (Ij in. tliam.), immersed in boiling 
water; see ]>nge 550. 

Curve A. Copiier. 

li. Mild steel. 

C, StaiiiJe.s.s steel ; 0 22 per cent, carbon ; 13-0 per cent, chroi 
1). Stainless steel ; O'lti percent, carbon ; IC'I penent. chrom 
JO'.") ])er cent, nickel. 


Dairy equipment provides anotlier very suitable outlet 
for the use of stainless steels. From Ihe point of view of 
resistance to the action of dairy products, stainless irons and 
the austenitic chromiurn-nickcl steels arc equally suitable ; 
they are cojnpletely unattacked by these products. The 
austenitic .steels, hoMcver, are more resistant to the acid 
cleansing fluids frequently employed in dairies and on this 
account have advantages. A prime necessity in most dairy 
equipment is the absence of nicks or holes in which the milk 

* In connection with this, it may be noted that Wortliingtoo {Chem. ds Mekil 
Ejig., Aug. 1928, p. 481) reports that glass with a thermal conductivity one 
thrtMj-hundredth that of copj^^r was foipid, in condenser experiments, to have 
one-third to one-half the heat transfer iifficiency of copjier. 
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oi* other product could lodge.* For this reason, particular 
attention must be given to prcxiucing perfectly smooth 
joints between sheets, etc., usM in the construction of 
vessels. Generally this is attained by soldering ; the solder 
must, of course, have a sufficiently high content of tin to be 
itself immune from attack. 

In the oil industry, corrosion entails enormous expense ; 
the crude oil contains sulphur compounds which cause rapid 
destruction of ordinary steels. The resistance of the high 
chromium and the chromium-nickel steels to attack under 
these conditions has already been profitably utilised to a 
considerable extent. Similarly, cracking equipment demands 
materials resistant to corrosive attack at high tempera- 
tures and also possessing considerable strength while heated. 
Again, one or other of the various types of corrosion-resisting 
steels have proved invaluable, the selection of the most 
suitable steels in specific cases depending on the conditions 
to be met, and these vary very considerably. 

A similar multiplicity of operating conditions applies to 
the use of heat resisting steels generally. The requirements 
here are so varied that each problem must be examined on its 
own merits. Data regarding resistance to oxidation have 
been given in Chapter VII and where this property is the 
sole requirement, the problem is relatively easy. When it 
is complicated by the necessity for the selected material to 
have considerable strength at temperatures of about 800 ° C. 
and over and at the same time to be obtainable in seamless 
tube form, the metallurgical problem presented is one of very 
considerable difficulty. 

For all these various purposes for which the use of 
stainless steel, in one form or another, is suggested, the 
relatively high cost of the material constitutes an obstacle 
which is becoming less serious as time goes on but is still of 
» considerable proportions. The tendency to place an undue 
importance on the first cost of an article seems to be an 
instinctive trait of human nature ; the author would suggest 
however, that cost in terms of service is a far better method 
of assessing values. If the rate of deterioration of stainless 
steel plant by corrosion, erosion or other form of attack, is so 
, much slower than of similar parts made of ordinary steel (or 
other metals) that the increased life of the former more than 
compensates for its generally greater initial cost, its use will 
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obviously effect economies. ' In the case of the chains 
mentioned on page 545, against the greater initial cost of that 
made of stainless iron should be set the comparative freedom 
from the trouble and inconvenience (as well as actual loss) 
caused by the frequent renewal of corrc^ed parts of machinery 
which is required to handle, in a limited time, large quantities 
of a natural product which must be dealt vnth as expediti- 
ously as possible after it is ripe otherwise its value may 
depreciate considerably. The cost of the hydraulic valve 
described on page 582 was high but the economies due to 
elimination of stoppages alone exceeded this in less than a 
month. The more frequently the costs of corrosion problems 
are assessed in this manner, the greater will be the use of 
corrosion-resistant steels of one form or another. . It is 
scarcely probable that the cost of even the cheapest of these 
, steels will ever become as low as that of ordinary carbon steel 
or even approach this value. Their value, however, should 
be judged by the service they give and so long as their cost 
in terms of service is lower than that of ordinary steel, their 
use will prove advantageous to the engineer, chemical or 
otherwise, no matter what their initial cost may be. 
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SOME THYSICAL PROPERTIES. 

In compiling the following brief list of physical 
properties, results published by The Bureau of Standards, 
Dr. I&tfield, Dr. Mathews and others have been freely used. 
The admirable series of tables included in the Proceedings 
of the American Society of Testing Materials for 1980 and also 
the data published by several firms who manufacture stainless 
steels have also been drawn upon. 

Density. Chromium lowers the density of steel to 
which it is added ; nickel raises it. Other metals which are 
occasionally present also act according to their respective 
densities ; thus copper, molybdenum and tungsten increase 
the density, whereas silicon and aluminium lower it. The 


Tabus CXL. 
Density of Stainless Steels. 


Drtrbon 

% 

Silicoii 

ChrcHiiium 

Nkikel 

o/ 

rii 

Tiinjrstftnl Trpfttmeut. 

*>/ 1 

/o 1 

Donsity, 

0-35 

0*23 






' O.H. 850“, T.650''(’. 

7-869 

0*33 

0*U 

10*6 

0-76 


A.H.950“, T.700“C. 

7-751 

0*3 

014 

12*6 

0-79 


>> 

7-788 

jj 



»» 

— 

A.H.950“C. 

7-731 

008 

0-25 

12*3 

0*26 

... 

A.IL950“,T.700"C. 

7-779 

008 

0-24 

15*4 

0*80 


>> 

7-722 

010 

0-31 

20*4 

0*30 

— 

1 

7-688 

0-25 

— 

27 5 

— 


A.C.700“C. 

7-625 

010 

0-25 

15 2 

11*4 

— 

W.Q.1,000“C. 

7-971 

1 



»» 

— 

Cold worked to 







Brin, of 800/850 

7-942 

010 

184 

15 0 

90 

— 

W.Q.I,000“C. ... 

7-897 

014 

0-3 

18*1 

7-9 

— 

! W.Q.1,100“C. ... 

7-92 

0-28 

0-81' 

20*5 

6-64 

— 

• * 

>> 

7-870 

0-24 

0-26 

20*2 

8-4 

— 

»> *•• 

7-888 

0-34 

2-85 

17*7 

25-8 

— 

W.Q.1,000“C. ... 

7-886 

0-8 

0-2 

11*0 

86-0 

— 


8-06 

0-47 

.1-85 

14*0 

26-5 

3*4 

— 

8-1 

0-85 

1-4 

19*5 

7-25 

4*0 

“““ 

8-08 


557 
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density of all steels is lowered slightly by cold work ; that 
of bardenable steels is also affected by variations in carbon 
content or heat treatment, in a similar fashion to ordinary 
carbon steels. Some typical values are giveii in Table CXL. 

Co-efficient of Expansion. The chromium steels 
expand at a rather slower rate than mild steel and distinctly 
more slowly than copper and the common copper alloys. The 
austenitic steels, on the other hand, expand at about the 
same rate as copper. Typical values for a number of 
materials are given in Table CXLI. 

Table CXLI. 

Co-efficients of Eoepansion. 


Carbon 

% 

Chronilutn 

% 

NlPltfil 

9/ ^ 

/O 

Molyb- 

(ichiiiii 

% 

Mean Co-efflclent. 


C. 

20“-200“ C. 

20“-400“ 0. 

20‘»*000'’ C. 

20“-1000‘’ C. 

• 0-3 

13 



- \ 

(rt)0*00(K>090 

0*0000096 

0*0000099 

0*0000112 

— 




/ 

(h)0'0mm 

0*00()0107 

0*0000116 

0*00(K)12l 

— 

t 0-1 

14 

— 


0-0000107 

0*0000110 

0-0000116 

0*0000125 

— 

t 0*1 

18 

— 

— 

0-0000104 

0*0000107 

0*0000113 

0*0000121 

— 

M 0*2 

17*5 

2*1 

-- 

— 

0*0000116 

0*0000116 

0*0000124 

— 

i 0'33 

24*0 

— 

— 

— 

0*0000103 

0*0000110 

0*0000114 

— 

§ 0-2 

28-0 

— 


0*0000102 

— 

— 

— 

0*0000134 

». o-l 

16*4 

11*2 

— 

— 

0*0000180 

0*0000184 

0*0000186 

— 

t oa 

18 

8 

— 

0*000017 

0-0000177 

0*0000186 

0*000()2()1 

— 

t 0-3 

20*7 

7*0 


— 

0*0000105 

0*0000172 

0*0000177 

— 

t 0*4 

16*4 

16*6 

— 

— 

0*0000164 

0*0000176 

0*0000178 

— 

0-35 

17*7 

26*8 


— 

— 

0*0000175 

0*0000178 

— 

§ 0*2 

26*0 

17*5 

— 

0*0000162 

— 

— 

— 

0*0000202 

11 0*3 

11*0 

26*5 

— 

0*0000167 

— 

— 

— 

— 

11 0*3 

11*0 

36*0 

— 

0*0000136 

— 

— 

— 

— 

H 0*2 

19*0 

10*0 

3*26 

0*000019 

~ 

— 

__ 

— 

§§Pur6 Iron ... 





0*0000126 

0*0000138 

0*0000147 1 

__ 

♦Mild Steel ... 



0*00(K)1U 

0*0000116 

0*0000133 

0*(X)00143 

— 

♦Monel Metnl 



0-0000143 

0*0000147 

0-0000159 

0*0000162 

— 

5§Copper 



— 

0*0000167 

0*0000179 

0*0000187 

— 

§§BToiize 



— 

0*0000178 

0*0000188 

0*0000199 

— 

♦Aluminium 



0*(KXK)237 

0*0000248 

0*0000268 

0*0000293 



(а) Hardened. § Allegheny Steel Co. 

(б) Hardened and Tempered. || Midvale Steel Co. 

* Bureau of Standards. f Ludlam Steel Co. 

t Dr. Hatfield. Author. 

j Dr. Mathews. §§ Landolt Bomltein Tabellen. 


specific Heat. Dr. Hatfield gives the following values : 


Stainless steel 0-3% G.; 12/14% Ct. 

... 0-117 

„ iron 0-l%C. ; 14%Cr. 

... .0-115 

„ „ 0-l%C.; 18%Cr. 

... 0-115 

Staybrite ... 18% Cr.; 8% Ni. 

... 0.117 
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Si]tKil$x v^ues for the 18 : ^composition are given by, foi> 
example, F* Krupp A.G, ; Republic Steel Corporation (U.S. A.) 
and Firth-Sterling Steel Co.*(U,S.A.) but both the la.st two 
firms, and others in the States, give higher values for the 
chromium steels. The following values are taken from the 
A.S.T.M. tables referied to previously : — 


Allegheny Steel Co. Stainless Iron, 14% Cr. 0.159 

Austenitic Steel ; 0-2% C. 

25% Cr.; 17*5% Ni. ... 0.142 

Carpenter Steel Co. Stainless Iron ; 13% Cr. 0.152 
Republic Steel Corp. Stainless Iron ; 

13-5% Cr 0159 

Firth-Sterling Steel Co. Stainless Iron ; 

19% Cr. 01 51 


Thermal Conductivity. There is some discrepancy 
between the data quoted by different firms ; as a whole, the 
results obtained in the States are higher than those given in 
this country or in Germany. Some typical figures arc given 
below : — 


Type of Steel. 

Source. 

Thmnal 

('OIKl. 

0-8% C.; 18% Cr 

Dr. Hatfield, 

005 

0-1% C.; 12/14% Cr 


0047 

Allegheny Steel Co. 

0096 


Repul)lic Steel Corp. 

0 097 


Firth-Stirling Steel Co. 

0096 

0-1% C.; 17/19% Cr 

Dr. Hatfield. 

0032 

Republic Steel Corp. 

0052 


Firth-Sterling Steel Co. 

0072 

0-l/0-2%C.; 18% Cr.; 8%Ni. 

Dr. Hatfield. 

0*033 

F. Krupp, A.G. 

0*04 


Allegheny Steel Co. 

0069 


Firth-Sterling Steel Co. 

0*083 


Republic Steel Corji. 

0*046 

0-!^p C. i 25-0^0 Cr. ; 17-5% 

Ludluni Steel Co. 

0*052 

Allegheny Steel Co. 

0*089 

0<2«/^,' C. Cr. ; 10% Ni.'; " 

• * 


8-25% Mo 

Ludluni Steel Co. 

0*052 

0-85% C, ; 11% Cr. ; 86% Ni. 

Midvale Steel Co. 

0*020 

Silver 

— 

1*0 

Copper 

— 

0*8/0*9 

Pure Iron 

— 

0*14 

Mild Steel 

— 

0*10/0*12 
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Electrical Resistance. T}rpicsl data are in 
Table CXLH. 


Table CXUl 


Carbon 

% 

Sfficon 

% 

Man* 

ganene 

% 

Chromium 

% 

Nickel 

% 

Treatment. 

Reiistanee, 
In Mlerohmi 
per cm.* 
at 16/20" C. 

Tcmp- 

eratnie 

Co-eflld«nt 

per’C. 

(<•> 

0*3 

— 

— 

12/14 

-{ 

A.H.950“,T.700°C. 

A.H.950'’/1,000“C. 

80/66 

66/70 

— 

(«) 

0-07 

0*08 

0*12 

11*7 

0*67 

A.H.960%T.700»C. 

61 

0*0016 

{f» 

ooa 

0*6 

0*6 

13*5 

— 

— 

59*8 

— 

(<») 

0*08 

0*33 

0*15 

20*7 

0*27 

T.700‘‘C. 

69*2 

— 

{0) 

0*33 

0-63 

0*30 

24*6 

— 

A.C.870“C. 

68*5 

— 

(c) 

0-30 

0*67 

0*66 

29*8 

— 


6»*4 

— 

(o) 

0*09 

0*36 

0*24 

17*2 

2*13 

A.Hw.T.eee-c. 

73*5 

— 

(») 

0*10 

0*24 

0*10 

16*9 

10*8 

W.Q.1,000°C. ... 

70*0 

— 

(<*) 

0*1 

*— 

— 

18 

8 

W.Q.lieO'’/1150°C. 

69 

0*00144 

{a) 

0-24 

0*26 

0*29 

20*2 

8*4 

W.Q.ltK50°C. ... 

71*2 


{a) 

0-16 

0*23 

0*80 

11*7 

23*9 

♦»- 

87*7 

— 

(<■) 

0*32 

0*66 

0*27 

20*7 

7*04 

O.H.1200‘'C. 

76*9 

— 

(c) 

0*39 

2*26 

0*82 

16*4 

15*6 

»» 

93*0 

— 

ic) 

0*41 

1*84 

0*80 

7*3 

22*6 

»» • • • 

94*9 

— 


0*20 

2*6 

— 

17*0 

26*0 


102*0 

— 

(0 

0*20 

0*5 

1*1 

25*0 

17*6 

— 

80*4 

— 

(/) 

0*30 

0*2 

1*6 

11*0 

36*0 

— 

100*0 

— 


(а) Author. 

(б) Hepublio Steel Corporation. 

(c) Dr. Mathews. 

(a) Dr. Hatbeld. 

(e) Allegheny Steel Co. 

(/) Midvale Steel Co. 

Magnetic Properties. 

The following values are given by Dr. Hatfield and Dr. 
Mathews : — 


Material 

B. max. 

H = 400. 

1 

B. rera. 

Coercive 

Force. 

Max. 

Perrae- 

ablUty. 

0-8% C.; 18/14% Cr. 





(Hardened) 

12,500 

6,500 

58 

75 

0-8% C.; 18/14% Cr. 





(Soft) 

17,150 

12,800 

1 

650 

0-1% C.; 14% Cr. (Soft)... 

17,170 

6,100 

75 

500 

“ Staybrite ” 

— 

— 


1>01/103 


H-160 




0-88%C.;24'6%Cr. 



" 


OH. 1200M. 760“ C. ... 

12,450 

5,720 

11*4 

312 

0-80% C.; 29-8% Cr. 





OH. 1200“, T. 760“ C. ... 

12,000 

4,540 

5*75 

404 
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The 12/14 per cent, chromium steel makes a fairly good 
permanent magnet when hardened and may be used in this 
way when corrosion resistance is of importance. The 
aus^nitic steels are practically non-magnetic in the softened 
condition but bcoeme slightly magnetic when cold worked. 
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